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Bibliography Chapter 1: Generalities on Supramolecular Polymers Supramolecular chemistry, which was defined by Jean-Marie Lehn as "a highly interdisciplinary field of science covering the chemical, physical, and biological features of chemical species of higher complexity, which are held together and organized by means of intermolecular (noncovalent) binding interactions", 1 has emerged over the last 40 years as an important tool for understanding physical and biological processes but also for building up discrete or hierarchical complex architectures, just to name few possible applications. Since the early 90's, i.e. shortly after the Nobel prize was awarded to Donald J. Cram, Jean-Marie

Lehn and Charles J. Pedersen "for their development and use of molecules with structure-specific interactions of high selectivity", supramolecular polymers, which have been defined as "polymeric arrays of monomeric units that are brought together by reversible and highly directional secondary interactions, resulting in polymeric properties in dilute and concentrated solution as well as in the bulk", 2 came out as a potential alternative to traditional covalent polymers, with increased responsiveness and dynamic properties related to non-covalent interactions. Supramolecular polymers can be classified according to different criteria such as i) the physical nature of the supramolecular interactions involved in the polymerization process, ii) the nature of the building blocks used for the polymerization, iii) the thermodynamics of the self-assembly process or even iv) the arrangement of the monomers into A or A-B (one self-complementary or two complementary monomers) type polymers. In this section, we will first focus on non-covalent interactions that are essential for supramolecular polymerization processes. We will then discuss the different mechanisms that govern the formation of supramolecular polymers and finally highlight how such non-covalent polymers can be used as functional materials for various applications.

Non-covalent interactions in supramolecular polymers

As stated in the introduction, supramolecular polymers are made of monomers arranged into well-defined structures thanks to intermolecular non-covalent interactions such as hydrogen bonds, π interactions, metal-ligand interactions and so on. These supramolecular interactions, described by Egbert Willem Meijer as, "moderately strong, reversible noncovalent, but lightly directional", 2 encompass a wide range of binding energies from less Two important features of non-covalent interactions are their reversibility and stimuli-responsiveness compared to covalent bonds, which ensure dynamic and adaptive properties the polymeric structures they are involved in. In general, a single non-covalent interaction is too weak to drive a polymerization process but the combination of several of them results in a higher binding strength, thus leading to stable supramolecular architectures.

Figure 1 shows some examples of four types of supramolecular motifs which have been employed to build supramolecular self-assemblies, namely: (A) directional multiple hydrogen bonding units which strength is related to the number and arrangement of the hydrogen bonds (see next section); (B) highly selective metal-ligand coordination interactions, which association constant depends on the nature of the metal ions; (C) π-π stacking between planar aromatic surface; (D) host-guest interactions based on α-cyclodextrin, 24-crown-8, cucurbit [8]uril, calix [5]arene and pillar [5]arene, which usually involve several types of non-covalent interactions. Other interactions such as hydrophobic, charge-transfer interactions, etc. also play important roles in the formation of supramolecular polymers. 3 Steed, J. W., Turner, D. R. & Wallace, K. Core concepts in supramolecular chemistry and nanochemistry. (John Wiley & Sons, 2007). Reproduced from reference 4 .

In this manuscript, we will details few supramolecular interactions, namely hydrogen bonding, π- interactions and metal-ligand interactions, which are predominantly used in this work. We will also highlight to examples which demonstrate the importance of using multiple non-covalent interactions to reach stable supramolecular architectures.

a. Hydrogen bonding

Hydrogen bonding is one of the most widely encountered interaction in nature, such as for DNA pairing and protein folding, and govern the formation of many supramolecular architecture. The hydrogen bond was defined in 2011 by the IUPAC as "an attractive interaction between a hydrogen atom from a molecule or a molecular fragment X-H in which X is more electronegative than H, and an atom or a group of atoms in the same or a different molecule, in which there is evidence of bond formation". 5 The directionality, diversity, and sensitivity of hydrogen bonds to different environments, such as pH, solvent, and temperature, make them an important tool to build up supramolecular polymers.

In general, the strength of a single hydrogen bond is not high enough to drive the formation of supramolecular polymers. Thus, chemists have developed several hydrogen bonding arrays with association constants that can be as large as 10 12 M -1 (Figure 2). The strength of hydrogen bonding interactions depends not only on the numbers of hydrogen bonds but also the nature of hydrogen bond donor (D) and acceptor (A) atoms involved, and interestingly also on the way that they are arranged. Indeed, attractive and repulsive secondary electrostatic interactions between adjacent hydrogen bonds play an important role on the stability of multiple hydrogen bonding modules as reported by

Jorgensen and his co-workers in 1990. 7 These secondary effects result in a remarkably higher binding constant for a AAD-DDA system compared to a ADA-DAD system (Figure 2A). For instance, two attractive and two repulsive secondary interactions involved in the C-G dimer lead to an increased stabilization compared to the uracil-9H-purine-2,6-diamine dimer, which present four repulsive secondary interactions. Considering the importance of attractive secondary interactions for the stability of triple hydrogen bonding modules, people designed new systems without alternating donor and acceptor groups which led to the development of various AAA-DDD modules 8 with association constant as high as 3  10 10 M -1 in dichloromethane. 9 For instance, the group of Lehn reported the first example of a supramolecular polymer made by hydrogen bonds in 1990, by using triple hydrogen bonding modules such as bifunctional diamidopyridines and bifunctional uracil derivatives. 10 This main-chain supramolecular polymer displayed liquid crystallinity in the solid state, as demonstrated by polarized optical images and X-ray experiments. Interestingly, this property is not expressed by the single monomers, demonstrating that not only supramolecular polymers can achieve functions that their molecularly dissolved building block cannot.

Alternatively, following rules similar to the ones developed for triply hydrogen-bonding modules, quadruple and sextuple hydrogen bonding units have also been investigated in order to reach system with high association constant (Figure 2B-C). 6 To the best of our knowledge, one of the most versatile binding motifs based on quadruple H-bonds and used for linear main chain polymerization is the self-complementary ureidopyrimidinone (UPy) motif (Figure 3). 11 This AADD hydrogen bonding module features a strong association constant in a polar solvent (K a > 10 7 M -1 in chloroform, K a = 6  10 8 M -1 in toluene), which resulted in high degrees of polymerization (DP) in both diluted solutions and bulk materials. Since the discovery of this hydrogen bonding motif the late 90's, this UPy module has been used several times to produce functional supramolecular polymers with adaptive behaviors to environmental conditions (pH, temperature...) and possible applications in optoelectronic 7 Jorgensen, W. Lnce, D. L. Aromatic-aromatic interactions: free energy profiles for the benzene dimer in water, chloroform, and liquid benzene. J. Am. Chem. Soc. 112, 4768-4774 (1990). 8 Murray, T. J. & Zimmerman, S. C. New triply hydrogen bonded complexes with highly variable stabilities. J. Am. Chem. Soc. 114, 4010-4011 (1992). 9 Blight, B. A. et al. AAA-DDD Triple Hydrogen Bond Complexes. J. Am. Chem. Soc. 131, 14116-14122 (2009). 10 Fouquey, C., Lehn, J.-M. & Levelut, A.-M. Molecular recognition directed self-assembly of supramolecular liquid crystalline polymers from complementary chiral components. Adv. Mater. 2, 254-257 (1990). 11 Sijbesma, R. P. et al. Reversible Polymers Formed from Self-Complementary Monomers Using Quadruple Hydrogen Bonding. Science 278, 1601-1604 (1997).

devices or therapeutic treatments. 12,13 b. π interactions  interactions can be considered as particular types of electrostatic interactions which involve, on one hand, electron-rich  systems and on the other one, various motifs such as cations, anions or another  system for instance. Accordingly,  interactions can be classified in three main categories: (A) cation- such as tetramethylammonium and toluene, (B) anion- such as trifluoro-1,3,5-triazine and chloride anion, and (C) - interactions such as, for instance with naphthalene bisimide (NBI) 15 or perylene bisimide (PBI) derivatives. 16 While - stacking interactions typically range from 2 to 50 kJ/mol, anion-π and cation- interactions usually display binding energies in the range of 20-50 kJ/mol and can reach up to 80 kJ/mol (Table 1).

Cation-π interactions are ubiquitous in many biological processes, 17 and anion-π interactions have recently emerge as an important tool to transport anions across synthetic membranes. 18 However, -π stacking interactions, which occur between the π-electrons of one conjugated molecule and the σ-framework of a nearby molecule, remain the most widely used π interactions to build up supramolecular polymers. For instance, Xiao et al. reported the self-assembly and properties of a hexabenzocoronene (HBC) derivative decorated with eight explored to produce supramolecular polymers based on π-π stacking interactions. They have found interesting applications in the field of optoelectronic materials such as solar cells, field-effect transistors... [START_REF] Busseron | Giuseppone Synthesis and Self-assembly of Triarylamine-Nucleobase Conjugates 2016 INDO-FRENCH CONFERENCE "Functional polymers and self-assembled systems[END_REF] 

c. Metal-ligand interactions

Metal-ligand coordination interactions usually involve a transition metal center and an organic building block, also known as ligand, which display affinity for the metal center. 26 Typically, metallosupramolecular polymers are built from ditopic monomers with ligands such as phosphines, pyridines, imines, and so on, located as end chains. Three types of interactions can be involved in metal-ligand interactions, i.e. coordinative bonding, ionic/covalent bonding and metal-arene complexation. Furthermore, there are different ways to increase the stability of metal-ligand interactions, either by choosing a mteal ion which has a high binding affinity for the donor atoms of the ligand or by increasing the number of binding sites available for metal coordination. Such strategy has been widely developed and it has led to the development of new organic ligands such as, for instance terpyridine, which presents a binding affinity for zinc that is more than five orders of magnitude higher than pyridine. Importantly, the strength of this binding affinity is one main parameter that influence the degree of polymerization. Owing to the non-covalent nature of these interactions, environmental parameters such as solvent, concentration and temperature may also influence the binding strength of metal-ligand interactions. However, the most versatile way to affect the binding affinity of a ligand is to adjust the metal ion used for coordination.

Recently, our group demonstrated that the polymerization of a terpyridine-terminated pH-switchable interpenetrated rotaxanes is strongly affected by the nature of the metal ion (Figure 5). 27 Indeed, when zinc ions were used, polymerization of the rotaxane units proceeded to an average degree of polymerization of 2000 monomers, as demonstrated by light and neutron scattering experiments. Alternatively, when iron metal ions, which present a higher binding strength for terpyridine compared to zinc, were used, the formation of a longer supramolecular main-chain polymer was observed (around 3000 monomers). Importantly, when the system was acidified to induce the extension of the rotaxane unit, the strength of the metal-ligand interaction was found to be crucial for the survival of the single chain supramolecular polymer. Indeed, in the presence of zinc ions, we observed partial [START_REF] Busseron | Giuseppone Synthesis and Self-assembly of Triarylamine-Nucleobase Conjugates 2016 INDO-FRENCH CONFERENCE "Functional polymers and self-assembled systems[END_REF] Finally, host-guest complexes, such as the ones depicted on Figure 1D, have been widely used to produce main chain supramolecular polymers. The driving force in host-guest interactions is related to the cooperative association of two complementary molecules. As they typically arise from the combination of several non-covalent interactions, host-guest interactions offer the same properties of other non-covalent interactions, such as reversibility, directionality, and responsiveness. Some commonly reported host molecules such as cyclodextrins, 29 calixarenes, 30 and cucurbiturils, 31 are biocompatible and display an amphiphilic character, thus contributing to the formation of self-assemblies both in organic solutions and aqueous media. Furthermore, these macrocyclic hosts display different affinities for small molecules. For instance, Zhao and coworkers reported the formation of a main-chain supramolecular polymer from three ditopic monomers thanks to two orthogonal host-guest interactions. 32 An adamantane-viologen heteroleptic small molecule was mixed with two homoleptic building blocks containing either cyclodextrins and sulfonatocalixarenes as end groups. In water, a 2:1:1 ratio of the monomers resulted in the formation of a linear polymer as imaged by AFM and TEM.

e. Multiple non-covalent interactions

In nature, the most complicated processes are accomplished by more than one non-covalent interactions, such as DNA transcription or protein folding. The combination of several supramolecular forces has thus been widely used by chemists in order to dramatically enhance the stability of supramolecular polymer. In 2008, the group of Elemans reported the supramolecular polymerization of a porphyrin trimer built from a benzene-1,3,5tricarboxamide (BTA) core, tailored with either long non-chiral or chiral aliphatic chains (Figure 6A). 33 This polymerization process was induced by a combination of hydrogen bonding and π-π stacking interactions. Temperature and concentration-dependent NMR, light scattering, CD and UV-vis spectroscopy were used to investigate the self-assembly in solution.

Whereas the porphyrin trimer aggregated into long chiral columnar supramolecular polymers of one monomer at each step of the self-assembly process is identical (Figure 7A). This means that the length of the supramolecular polymer chain and the neighboring group effects do not affect the reactivity of the monomers. Therefore, this polymerization process occur at any concentration or temperature but, high concentration and/or low temperature favor the formation of supramolecular polymers with high degree of polymerization.

The second growth process, known as ring-chain, is relevant only for bifunctional monomers (Figure 7B). This mechanism features an equilibrium between the formation of main chain supramolecular polymer associated with a binding constant K inter and the presence of cyclic structures of various sizes associated with several binding constant K intra . The degree of polymerization (DP) in such mechanism is determined by the different association constants and the formation of main-chain polymers with high DP occurs only above a critical concentration. Below this concentration, the formation of the cyclic structures is favored.

The third class of supramolecular polymerization known as cooperative growth occurs involves at least two distinct stages: a slow nucleation process and an elongation after formation of the nucleus. Each stage of this mechanism corresponds to an isodesmic polymerization with different association constants, namely one for the nucleation event (K n ) and one for the elongation K e (Figure 7C). By analogy with biological processes such as protein aggregation which occurs following a cooperative mechanism, 37 the formation of polymers according to this mechanism is always delayed as the initial step consists in the formation of a nucleus, which can be shorten or cleared by adding preformed oligomers (seeding). Another main feature of this mechanism compared to the isodesmic one is the presence of the critical concentration and a temperature above which supramolecular polymers are favored over monomers. Ordered supramolecular polymers usually arise from this polymerization mechanism as exemplified for instance by the group of Meijer. 38,39 Mechanistic studies of the three processes have been developed both experimentally and theoretically. 40,41 Generally, supramolecular polymerization mechanisms are detemined by performing a set of experimental measurements, such as temperature-dependent and concentration-dependent NMR, optical spectroscopies (UV-vis absorbance, fluorescent emission, CD etc.), or even ITC among others. In a recent example, Ogi and coworkers 37 Frieden, C. Protein aggregation processes: In search of the mechanism. Protein Sci. the transformation into pure 1 H-agg in only few hours and with a much narrower polydispersity (PDI = 1.1) as imaged by AFM.

Researches focused on supramolecular polymerization mechanisms are of particular importance to better understand self-assembly processes, which should further facilitate the implementation of supramolecular polymers as functional materials.

Functional supramolecular polymers

Covalent polymeric materials are commonly encountered in our daily lives, but they offer suffer from problems for recyclability, sensitivity and irreversible damage, just to name few drawbacks. By taking advantage of the tunable, reversible and stimuli-responsive nature of non-covalent interactions, supramolecular polymers have been considered in the last two decades as alternative materials to commonly used polymers with enhanced properties. By fine tuning the aggregation of monomeric units into well-defined architectures such as nanofibers, nanosheets, helices, nanotubes etc., these supramolecular self-assemblies have been developed for different kinds of applications in the field of biomedine (diagnosis and therapeutics), optoeletronics, information storage or even catalysis. 43,44,45 In this section, we will mainly focus on three possible categories of applications, for which supramolecular polymers have been considered, namely self-healing materials, biomedical applications and organic electronics.

a. Supramolecular polymers as self-healing materials

Self-healing materials which have the ability to repair themselves after external damage is one of the most attractive applications of supramolecular materials. Such properties are inherent to the reversibility and stimuli-responsive nature of the dynamic non-covalent interactions involved in these polymers. are involved in the formation of self-healing polymers, namely hydrogen bonding, ionomers, metal bonding and π-π stacking interactions. 46

b. Supramolecular polymers for biomedical applications

As supramolecular polymers are endowed with advantages such as biodegradation, biocompatibility and responsiveness to bio-stimuli, they have been considered as outstanding candidates for biochemical applications in the field of drug delivery, regenerative medicine, tissue engineering, gene transfection, protein delivery and biomimetic chemistry. 45,49 Hydrogen bonded supramolecular polymers based, for example, on UPy derivatives, have already been successfully employed for various applications as tissue engineering, 50 protein delivery 51 and intrarenal drug delivery. 52 For instance, Dankers and coworkers reported the synthesis of two kinds of mild and biocompatible hydrogels built from supramolecular polymers with UPy units either within the polymeric backbone or at its terminal groups and their possible use as drug delivery candidates. 52 The gel with UPy within the main-chain polymeric backbone, i.e. bearing more binding sites, was strong, flexible and slow eroding, thus suitable for long-term intrarenal delivery, whilst the gel with UPy as end groups on the polymer chains was weaker, soft and fast eroding, which should be more appropriate for fast delivery of protein drugs to the kidney cortex.

Among all artificial nanomaterials, self-assembled peptide nanofibers are the most widely used structures as they can be easily tuned and designed to signal cells. The group of Stupp developed several peptide amphiphiles (PA) systems which incorporate a hydrophobic alkyl tail, a short peptide sequence with -sheet propensity, a charged amino acid groups and at the other terminus, bioactive functional epitopes to interact with cell receptors. 53 This series of molecules are known to self-assemble into one dimensional nanostructures, mainly nanofibers with a cylindrical geometry (Figure 10), and the nanofibers can be prepared by co-assembly and designed for various biomedicine applications. There are three driving forces for the self-assembly of PAs in water: hydrophobic interactions from alkyl tails and hydrogen bonding between peptide segments act as attractive contributions, while electrostatic repulsive interactions between charged groups lead to opposite contributions. 53 Cui, H., Webber, M. J. & Stupp, S. I. Self-assembly of peptide amphiphiles: From molecules to nanostructures to biomaterials. Biopolymers 94, 1-18 (2010).

Chapter 2: Triarylamine-based supramolecular polymers

Triarylamine is a functional moiety which has been extensively studied over the last fifty years, mainly because of the easy oxidation of its central nitrogen atom and its ability to transport positive charges via the formation of triarylammonium radical cations. Several star-shaped and dendrimeric triarylamines structures but also side-chain and main-chain triarylamine polymers have been synthesized with the aim to use them in electronic devices such as organic light emitting diodes (OLEDs) [START_REF] Shirota | Photo-and electroactive amorphous molecular materials-molecular design, syntheses, reactions, properties, and applications[END_REF] , organic field-effect transistors (OFETs) [START_REF] Song | A cyclic triphenylamine dimer for organic field-effect transistors with high performance[END_REF] , organic photovoltaic cell and solar cells [START_REF] Ning | Triarylamine: a promising core unit for efficient photovoltaic materials[END_REF] and so on. [START_REF] Thelakkat | Star-shaped, dendrimeric and polymeric triarylamines as photoconductors and hole transport materials for electro-optical applications[END_REF] However, to the best of our knowledge, most studies involving triarylamine molecules have been carried out in the bulk, without paying attention to a possible self-organization at the nanoscale.

In this chapter, I will firstly present some examples in which chemical functionalities at the edge of tripodal triarylamine molecules are the driving forces to generate well-defined supramolecular architectures while, in the next sections, we will focus on supramolecular polymers arranged around the triarylamine core from various chemically-designed triarylamine molecules and which display properties inherent to the self-assembly of these triarylamine unit.

Self-assemblies based on tripodal triarylamine units

To the best of our knowledge, the first example, which reports the formation of supramolecular architectures incorporating triarylamine units, was described in 2005 and 

(i) (ii) b (i) (ii)
the capacity to capture small molecules as shown by IR and 1 H NMR experiments, were used for the efficient photocatalytic α-alkylation of aliphatic aldehydes with good conversion and significant stereoselectivity. While the triarylamine unit was used as a photoredox station to generate an active radical intermediate necessary for the reaction, the pyrrolidine unit behaved as organocatalyst to produce the enamine necessary to combine with the radical intermediate.

This example demonstrates how triarylamine molecules can play a dual role of structuring units and electroactive moieties in supramolecular architectures.

In the absence of metal ions, some triarylamine molecules were also found to self-assemble in various defined architectures such as ropes, 68 nanowires 69 and rhombic-like structures 67 with properties inherent to the triarylamine unit (two-photon absorption, conductivity for example). For instance, Kong and coworkers reported how a triarylamine derivative can be influenced by solvent, pH and metal ions to yield self-assembled nanostructures with different morphologies ranging from fibrillar structures to spherical nanoaggregates (Figure 12A). 67 For instance, in a mixture of water and THF, the molecule depicted in Figure 12A was found to yield rhombic-type structures (Figure 12A(i)) and could be switched upon increasing the pH of the solution into micrometer-long fibers (Figure 12A(ii)). Such behavior results from a complex interplay of non-covalent interactions such as for instance, weaker hydrogen-bonding but increased π-π interactions under basic conditions compared to acidic conditions which greatly favor hydrogen-bonding interactions between carboxylic acid residues. Overall, this example demonstrates how chemical functionalities present on the triarylamine scaffold can drive their self-assembly into well-defined supramolecular architectures. In the next sections, we will demonstrate how the triarylamine core itself can drive the formation of supramolecular polymers.

Light-triggered triarylamine supramolecular polymers

In 2010, thanks to a combination of physico-chemical and microscopy analyses, our group demonstrated that well-designed triarylamine molecules can self-assemble into fibrillar supramolecular polymers upon light irradiation (Figure 14). 58 As displayed in Moreover, this proportion of radicals was shown to decay smoothly in the dark reaching a stable level of 0.6 % after 16 hours (Figure 13B, from B to C), which could be further quenched by heating to 60 ˚C. Thanks to AFM microscopy, the increased stabilization of these light-triggered radicals localized on the nitrogen atom of triarylamine molecules was attributed to the formation of corn-like structures made of 1D columnar aggregates, with a diameter of 1.3 nm, corresponding to the diameter of a single molecule and a distance between bright spots on the AFM image estimated to 1.0 nm, which could actually correspond to the distance between two non-consecutive molecules pointing in the same direction (Figure 13C(i-ii)).

Further X-ray diffraction suggested that the 1D columnar aggregates are arranged according to a monoclinic cell containing 8 molecules (Figure 13C(iii-iv)). Within a unit cell, the 8 molecules are organized in "snowflake" dimers in the direction of the columns (Figure 13C(iv), one green-colored molecule on top of a blue-colored one) and with 4 molecules hold together by intramolecular hydrogen bonds (Figure 13C(iv), red-colored bonds) to fill up the rectangular sublattice perpendicular to the direction of the growing columns. Structural parameters extracted from XRD data are in agreement with the double-columnar arrangement initially suggested by simulation experiments. They also support a dense packing of the molecules within the columns which contributes to the excellent conducting properties of these organic supramolecular polymers (see next section of this chapter) (Figure 13C(v)).

Combining UV-vis-NIR and 1 H NMR experiments with a theoretical approach allowed us to subsequently elucidate the light-induced self-assembly mechanism of these chemically-designed triarylamine molecules (Figure 14). 70 First, the neutral pyramidal triarylamine molecule is excited with light and further reacts with chloroform to generate a stable complex made of a flatten triarylamine radical cation and a chloride anion thanks to electrical dipole interaction (Figure 14B). These charge-transfer dipoles further aggregates into supramolecular stacks (Figure 14C-E), which can arrange either in a loose chain with chloride anion intercalated between TAA molecules (Figure 14F) or in a tight chain, with TAA molecules interacting with each other at a shorter distance of 5 Å and chloride ions put aside (Figure 14H). Due to increased π-stacking and van-der-Waals interactions, this tight chain proved to be more energetically favored but, the energy penalty needed to reorganize the chloride ions in this latter state suggests that such transformation from a loose to a tight one can only be achieved for aggregates longer than trimers. Long aggregates of charge-transfer dipoles then preferentially arrange into double columns thanks to lateral hydrogen bonding interactions, thus forming a stable critical nucleus made of six TAA measurements of the nanotrench after self-assembly of 1, upon light irradiation and an initially applied voltage of 0.3 V. (d). Resistance of the nanotrench filled with STANWs as a function of temperature and differential conductance measured at low temperature, in vacuum, using an a.c. bridge technique. Adapted from reference 76 .

In a typical experiment, the device was set with an electrical current and then, a solution of the triarylamine monoamide in tetrachloroethane was dropped onto the device. Upon light irradiation, the conductivity dramatically increased by 6 orders of magnitude, reaching a value exciding 5 x 10 3 S.m -1 . Importantly, even when the light was turned off, the conductance remained at the same level. Additional experiments demonstrated that both light irradiation and presence of the electric field are prerequisites to reach highly conducting devices.

Furthermore, AFM imaging of these devices before and after light irradiation clearly indicated that the gap was filled by homogeneous nanowires oriented in the direction of the electric field (Figure 15B). Considering our different studies on the self-assembled TAA nanowires, [START_REF] Song | A cyclic triphenylamine dimer for organic field-effect transistors with high performance[END_REF]70 we believe that the measured high density of hole carriers and the delocalization of the radicals through the stacks might be the explanation for the exceptional conductivity. Such conductivities were independently confirmed by theoretical calculations which suggest that a hole mobility as high as 12 cm².V -1 .s -1 can be achieved using these supramolecular nanowires. 77,78 Additional I-V measurements at room temperature (Figure 15C) and for temperature down to 1.5 K (Figure 15D) suggested respectively an ohmic behavior both at atmospheric pressure and under vacuum as well as a metallic character, which is a characteristic that had never been observed before in purely organic supramolecular polymers. To the best of our knowledge, only ballistic carbon nanotubes display better characteristics than our triarylamine nanowires, probably because of a number of ordering defects within the hierarchical bundles of stacked fibrils. Overall, this work represents a first remarkable achievement in order to address precisely supramolecular structures (here, triarylamine nanowires) as organic interconnects in pre-determined positions thanks to the presence of an electrical field. It also opens door to precisely control the formation of nanoscale circuits using a "bottom-up" approach.

Recently, in collaboration with the group of Barboiu, we took advantage of the light-induced in situ self-construction of TAA mono-amide architectures to build functional 76 after the silica layer was filled with a single self-assembled fibril of TAA, in agreement with the size of their section. (f). Cyclic voltammetry curves of Ru(NH 3 ) 6 3+ (c = 1 mM , ν =20 mV.s -1 1

, in a 0.1 M aqueous solution of NaNO 3 ) at bare gold electrode (yellow), after mesoporous silica thin film electrodes were prepared by electrogeneration (dashed blue), after hydrophobic modification (dashed red), and after doping with C12-TAA (black). (g). Normalized activity evolution of the same biocathodes as a function of time. Adapted from reference 79.

High resolution AFM imaging of a single pore indicated that the diameter of the nanostructures confined inside is less than 5 nm (Figure 16E), which is in agreement with the formation of double-columnar structures, as expected for triarylamines mono-amide (see previous section). To further determine the electrical properties of our devices at each step of the fabrication process, we performed cyclic voltammetry experiments using Ru(NH 3 ) 6 3+ as a redox probe (Figure 16F). When the electrode is covered by a layer of mesoporous silica, its cyclic voltammogram (CV) displays clear oxidation and reduction peaks at potentials identical to the gold electrode, suggesting that the redox probe can access the surface of the electrode by diffusion through the pores. However, after modification of the pores with C 6 -alkyl chains, the electrochemical signal becomes very weak, thus indicating that the redox probe cannot access the gold electrode. Finally, in the presence of triarylamine nanowires embedded in the mesopores, the intensity of the redox signals is recovered to the value recorded before hydrophobic modification of the pores. As the hydrophobicity of the device is not modified after immersion in the triarylamine solution, this last experiment suggests that the electron transfer process from the redox probe to the gold electrode occurs mainly through the confinely ordered conductive nanowires.

Finally, inspired by biofuel cells which are able to transfer chemical energy into electrical energy, we evaluate the ability of our hybrid electrodes to drive the electrocatalytic reduction of oxygen using an enzyme (namely a mixture of laccase and a redox mediator (ABTS)) immobilized on their surface (Figure 16G). While a biocatalytic activity was recorded for all electrodes, obtained after each fabrication step, the hybrid one displayed an increased stability compared to the others during the first 10 days. Such increased stability was ascribed to the slower release of ABTS as a result of π-π and charge interactions between the mediator and the triarylammonium radical cations. Overall, this work demonstrates the possibility to build functional devices from well-defined supramolecular polymers in a confined environment, widening the possible applications of light-triggered triarylamine supramolecular polymers.

Supramolecular polymers based on triarylamines trisamide

In parallel to these various studies on triarylamines mono-amide, we also examined the self-assembling properties of C 3 -symmetric triarylamines trisamide (TATA), which can be readily synthesized in three steps (aromatic electrophilic substitution, reduction, amidation) from commercially available compounds (Figure 17a). Due to the presence of three lateral hydrogen bonds, this compound was found to produce micrometer-long mono-columnar helical aggregates in a large variety of solvents and even in the absence of light, as imaged by TEM and AFM (Figure 17c-e nitrogen-nitrogen distance and a 20º dihedral angle between them (Figure 17b). Although this compound was found to produce supramolecular structures in the absence of light, we were interested in studying its behavior upon light irradiation in order to determine if innovative properties might emerge from the doped structures. UV-vis-NIR spectra upon light irradiation display the characteristic absorbance at around 800 nm (related to the presence of triarylammonium radical cations located on the nitrogen center) and 400 nm (related to the formation of a self-assembled structure) as already observed for the triarylamine mono-amide compounds (Figure 18a-b). ) vary from 0 minutes (e) to 30 minutes (f). Adapted from reference 80.

Additionally, we noticed the presence of a new absorbance band in the NIR at 1100 nm for short irradiation times, which then slightly decayed upon subsequent irradiation. This new transfer between the stacked triarylamine molecules. 81 The fact that the 1100 nm band decays for long irradiation times while the 800 nm band keeps on increasing suggests that radical cations are first quite delocalized within the self-assembled structure and then become more localized on triarylamines with increasing light doping. This explanation is also supported by EPR experiments which show a clear evolution of the nature of the charge transfer with irradiation and the presence of up to 44% of TAA radical cations after more than 70 minutes' irradiation. Interestingly, light irradiation was found to improve the ordering of the fibers, as indicated for instance by a sharpening of the 100 scattering peak observed by SAXS (Figure 18c). This improvement of the structure upon light irradiation was confirmed by analyzing several irradiated samples by AFM and further corroborated by the "self-healing" behavior of damaged gels lightened for ~30 minutes in an atmosphere of chloroform (Figure 18e-f).

Using a series of advanced EPR and UV-vis-NIR experiments, we further demonstrated that the doped fibers displayed charge-transport properties similar to the ones encountered in metallic conjugated covalent polymers. Finally, we probed the electrical properties of the fibers before and after oxidation by light or electrochemically. In both cases, we found that, while single molecules have no electrical properties, undoped supramolecular fibers display a semi-conducting behavior which can be switched to a purely ohmic behavior after oxidation (Figure 18d). This work demonstrates how supramolecular polymers can enhance their physical properties due to the inherent dynamics of their non-covalent architectures.

Recently, some other groups have studied fundamental aspects related to these triarylamines trisamide molecules such as, for instance, the formation of chiral helical structures from non-chiral TAA precursors induced by either circularly-polarized light 82 or negligible quantity of TAA decorated with chiral side chains. 83 Finally, owing to the presence of metallic electrons in the self-assembled architectures, we further demonstrated that, by adjusting the molecular structure of these triarylamines trisamide, they can be used as plasmonic interconnects between gold nanoclusters to produce optical nanocircuits 84 and even behave by themselves as supramolecular organic plasmonic waveguides. 85 Overall, we have highlighted the main achievements performed by our group over the 196-199 (2015). last 6 years in the field of triarylamine-based supramolecular polymers, which range from fundamental studies on the self-assembly mechanism to applications mostly related to electronics and plasmonic.

Chapter 3: Supramolecular polymers based on nucleobase pairs

We have seen in the previous chapters that a combination of non-covalent interactions is usually required to reach self-assembled architectures with a controlled morphology. In particular, in the first chapter, we have highlighted the importance of hydrogen bonding arrays to yield recognition motifs with high association constants. Such developments have been indeed inspired by the recognition properties of nucleobases, which are of crucial importance for various biological processes such as RNA/DNA recognition, transcription and so on. In this chapter, we would like to demonstrate how these recognition properties can be used in artificial self-assembling processes to yield well-defined supramolecular polymers.

After a general introduction on base pairing, we will show how guanine residues can be used to trigger the self-assembly of discrete molecules and then extend the discussion to other nucleobases.

Generalities on nucleobase pairs

Nowadays, it is well understood that the stability of the DNA double helix results from a combination of intermolecular non-covalent interactions (hydrogen bonds, π-π stacking and hydrophobic effects) between four complementary nucleobase pairs: guanine (G) and cytosine (C) on one hand and, thymine (T) and adenine (A) on the other (uracil (U) instead of T in RNA). In DNA, these four nucleobases arrange in a heterocomplementary manner according to the Watson-Crick base-pairing (Figure 19). However, owing to the presence of several hydrogen bonding donor (such as N-H) or acceptor (such as C=O) groups on the different faces of the nucleobases, they can form up to 28 dimeric structures involving at least two hydrogen bonding interactions with association constants ranging from ~100 M -1 for A-T and up to 10 5 M -1 for G-C in chloroform. 86,87 For instance, adenine and thymine residues can arranged in two ways (Watson-Crick or Hoogsteen) involving in both cases two hydrogen bonds, while guanine was found to form stable mismatched Wobble base pairs with thymine by involving two hydrogen bonds of their respective Watson-Crick sides (Figure 19). It is noteworthy that all nucleobases can self-recognize by two hydrogen bond interactions to 86 Sivakova, S. & Rowan, S. J. Nucleobases as supramolecular motifs. Chem. Soc. Rev. 34, 9-21 (2005). 87 Sessler, J. L., Lawrence, C. M. & Jayawickramarajah, J. Molecular recognition via base-pairing. Chem. Soc. Rev. 36, 314-325 (2007).

produce homodimers (A-A, U-U and G-G on Figure 19). While A-A display a very weak dimerization constant in chloroform (less than 5 M -1 ), guanine residues display a high tendency to dimerize with association constants up to 10 4 M -1 . The self-complementarity of nucleobases has stimulated the creativity of chemists to create non-natural derivatives inspired by nucleobases and which can self-complementary recognized with increased association constants owing to the higher number of hydrogen bond interactions. 88 , 89 Furthermore, as all nucleobases display at least two faces accessible for hydrogen-bonding interactions, they can be involved in base-triplets or quadruplets which can be further used to produce supramolecular polymeric arrays. 90 nucleobases and their derivatives, it is important to be able to properly characterize them.

Several spectroscopic techniques such as NMR and IR but also XRD on single crystals or powders have been used to clearly establish the non-covalent interactions involved in the formation of supramolecular polymers. In the following chapters, we will show how their use was crucial to elucidate the structures of supramolecular polymers build from nucleobase derivatives.

Supramolecular polymers from guanine and guanosine derivatives

As illustrated on Importantly, as described by Gellert and co-workers in 1962, 93 guanine derivatives can also arrange in a tetrameric motif so-called G-quartet via N7-N1 and N2-C=O interactions (Figure 20B), which can be further stabilized by metal ions (see the next bibliographical chapter).

Considering the poor solubility of guanine in both aqueous and organic solvents, organic chemists have tailored its N9 position with various side chains and further explored its self-assembly in various organic solvents. Hereafter, we have selected three examples which demonstrate that all self-assembled motifs depicted on In the early 2000s, the group of Gottarelli reported that lipophilic guanosine and deoxyguanosine derivatives can give rise to different ribbon-like structures in organic solvents. 95,96,97 Using a series of 1D and 2D NMR experiments, they showed that these molecules self-assemble in chloroform into Ribbon I structures shortly after dissolution, which then evolve towards thermodynamically stable Ribbon II structures. Importantly, in the solid state, X-ray single-crystal diffraction unambiguously demonstrated the presence of a single structure, namely Ribbon I. This kind of structure was also observed at the graphite -1,2,4-trichlorobenzene interface by scanning tunneling microscopy (STM) and in hydrocarbon solvents such as toluene or hexadecane, as demonstrated by IR and XRD experiments. Overall, these studies demonstrated that solvent plays an important role in the self-assembly of guanine derivatives, which can be also affected by the experimental procedures used for the self-organization process. Although most studies on guanine derivatives indicate the formation of ribbon-like structures in the absence of metal ions, 98,99,100 Meng and coworkers reported the synthesis of a guanosine derivative which is able to 94 Peters, G. M. & Davis, J. T. Supramolecular gels made from nucleobase, nucleoside and nucleotide analogs. reversibly transform from G-quartets to G-ribbons upon increasing the concentration (Figure 21). 102 This molecule was found to self-assemble into a gel in acetonitrile at high concentrations (CGC : 25 mg.mL -1 ), which could be reduced down to 20 mg.mL -1 upon sonication. NMR and CD measurements confirmed the formation of G4-quartets at low concentration and the transition from G-ribbons to G4-quartets by diluting the sample (Figure 21C). Besides, SEM images (Figure 21D) and X-ray diffraction (Figure 21E give rise to network-like structures as depicted in Figure 20C. 106,103,104,105 For instance, Yashikawa and coworkers reported that such compounds can lead to the formation of soft supramolecular films in aqueous solution (H 2 O -5 wt% THF) (Figure 22A-C). 106 As determined by IR and XRD experiments, these films consist in a 2D hydrogen-bonded network of the guanosine residues self-associated within the layer and the oligoethylene oxide chains exposed to the water environment. When these dried thin films were dissolved in water and further sonicated at 80 °C, differential interference contrast microscopy (DICM) demonstrated the formation of spherical aggregates with a size of several microns (Figure 22D). Importantly, when these structures were prepared in the presence of a fluorescent probe such as eosin, fluorescence microscopy indicated the formation of giant vesicles, as eosin could be clearly identified within the spherical aggregates (Figure 22E). Finally, AFM experiments revealed the high stability and flexibility of the vesicles, which is inherent to their 2D supramolecular arrangement (Figure 22F). To conclude this section, we would like to mention that some discrete supramolecular architecture have been synthesized from a combination of guanine and cytosine derivatives. 86 However, although the G-C interaction is relatively strong, these examples remain limited and to the best of our knowledge, they have not yet been used to form polymeric structures. 94 

Supramolecular polymers from other nucleobases

Although guanine has been widely used as recognition unit to build supramolecular polymers, probably because of the variety of accessible polymeric arrays, examples involving other nucleobases such as adenine, uracil and thymine have also been developed in the last 25 years. For instance, as early as in 1990, the group of Lehn reported the first supramolecular polymer that takes advantage of the recognition properties of nucleobases, namely uracil, which was found to effectively associate with diacetamidopyridine (DAP). 10 Tartaric acid was decorated at both ends with either U or DAP motifs and the association of both monomers in various organic solvents resulted in the formation of a main-chain supramolecular polymer, as determined by 1 H NMR experiments and further confirmed by optical and electron microscopy studies.

As suggested in the first part of this chapter, there are two ways to produce self-assembled systems from nucleobase units: either by self-recognition (also named homotopic and exemplified in the previous section on guanine derivatives) or by hetero-complementarity between two different units (also called heterotopic such as for instance A-T). In this part, we would like to highlight some selected examples of self-assembled systems which are built according to these two strategies, focusing first on architectures built from small molecules or covalent polymers bearing self-recognition motifs as end groups 107,108 and then either on the assembly of heterotelechelic monomers (A-B molecules with A and B being self-complementary) 109 , 110 or the 1:1 co-assembly of homotelechelic A-A with B-B monomers. Interestingly, when PEG-A and Hex-A were mixed in a 1:1 ratio in aqueous solutions, the formation of a hydrogel occurred at a concentration as low as 0.5 wt%. TEM, AFM and cryo-EM imaging demonstrated the formation of left-handed helical ribbons with a thickness of around 27 nm and a helical pitch of ~110 nm (Figure 23F-H). Considering that similar CD spectra were recorded for both Hex-A and its 1:1 mixture with PEG-A, the structure proposed for these helical ribbons consists in a core made of Hex-A arranged similarly as in Figure 23b with its adenine residues hydrogen-bonded to the ones of PEG-A, which is also arranged in -sheet structures (Figure 23E).

In addition to the self-complementarity of native nucleobases which has only been used few times (except for guanine) to produce supramolecular polymers, chemists have designed several new motifs inspired by nucleobases and which can self-associate. For instance, the group of Fenniri took advantage of a purely synthetic heterocyclic motif which presents the Watson-Crick hydrogen-bonding pattern of cytosine on one side and the Watson-Crick hydrogen-bonding pattern of guanine on the other one to produce nanorosettes architectures of well-defined dimensions. 88 Alternatively, the group of Cheng has reported the self-assembly of poly(propylene oxide) (PPO) chains decorated with self-complementary ureido-cytosine end-chain groups. 89 In toluene, these polymers were found to self-assemble into different morphologies depending on the concentration. Spherical aggregates and lamellar microstructures were observed by TEM at respectively low and high concentrations.

These differences can be explained by the favored formation of ring-chain polymers at concentrations as low as 0.03 g.mL -1 while linear oligomers are preferentially formed above 0.2 g.mL -1 .

Alternatively, supramolecular polymers and/or self-assembled structures could be produced using hetero-complementary base pairs. For instance, using similar PPO oligomeric chains, the group of Leibler took advantage of the hetero-complementarity of thymine and diaminotriazine units as end groups to study how the polarity of the solvent affect their self-assembly (Figure 24A). 114 Similar behaviors were observed for both the supramolecular polymerization of heterotelechelic oligomers and the co-self-assembly of homotelechelic oligomers. Here, we would like to stress that, for main-chain supramolecular polymerization, the stoichiometry used for each homotelechelic monomer is particularly important to reach a polymer with a high degree of polymerization as a slight excess of one monomer will act as a chain stopper. To sum up, in DMSO, where hydrogen bonds are suppressed, no supramolecular polymers were formed and the non-polar nature of the PPO backbone favored the formation of micelles with thymine and diaminotriazine residues solvated by DMSO at their surfaces. Based on specific viscosity measurements and subsequent analyses, an isodesmic mechanism was found to take place in chloroform, which suggested the preferential formation of linear main-chain oligomers mainly driven by hydrogen bonding interactions, the PPO chain being well-soluble in this solvent (Figure 24b,d). Finally, in toluene, specific viscosity measurements were only satisfactorily fitted with a colloidal model suggesting that the core of the aggregates is made of a columnar arrangement of thymine and diaminotriazine units favored by both hydrogen bonds and π-π stacking interactions, which is further surrounded by the PPO chains which are also fully soluble in toluene (Figure 24c,d). However, examples reporting on the supramolecular recognition of heteroditopic monomers are limited, probably due to the difficult and lengthy synthesis of such molecules.

Thus, various research groups have focused on the 1:1 co-assembly of homoleptic ditopic monomers based either on natural nucleobases or their synthetic analogues to access self-assembled architectures in a well-controlled manner. 115 For instance, the group of Barboiu reported that alkylsiloxane small molecules decorated with either adenine or uracil units can self-organize into two different structures in solution depending on the hydrogen bond interactions involved (Hoogsteen and/or Watson-Crick). 116 Importantly, when this preorganized mixture was frozen thanks to a sol-gel transcription process of the siloxane units, only one preferred structure resulting from Watson-Crick interactions between adenine residues and Hoogsteen ones between adenine and uracil residues could be recorded by X-ray powder diffraction. Such observation was found to be in agreement with the preferential Hoogsteen binding of a 1:1 mixture of alkyladenine and alkylthymine molecules. This example highlights how to build hybrid materials in a templated manner thanks to nucleobase recognition properties. Recently, the groups of Surin and Bonifazi reported the supramolecular polymerization of ditopic small molecules decorated either with two uracil units or two diacetamidopyridine units as end groups (Figure 25). 117 By varying the polarity of the solvents used for the polymerization process, they demonstrated that these supramolecular copolymers can lead to the formation of very distinct morphologies with particular optical properties. For instance, while in chloroform micrometer-long rigid rod-like structures made of bundles of nanometric fibers (~6 nm) were observed by TEM (Figure 25B-C), softer helical morphologies with a diameter of 5-10 nm were recorded in a 95:5 mixture of cyclohexane/THF (Figure 25D-E). In the latter conditions, fluorescence experiments on a 1:1 mixture of compounds (R)-1 and 2 indicated the formation of J-aggregates of the aromatic cores and hydrogen-bonded structures. Furthermore, molecular modelling suggested that the presence of a chiral precursor leads to the formation of a single helix with a preferred handedness which further self-interdigitated into a double helical structure. This mechanism was found to be in agreement with SAXS, TEM and SEM experiments which show the evolution from chiral tape-like aggregates which finally dimerize into nanofibers. For the self-assembly in chloroform, the formation of aggregated fibrillar structures was ascribed to hydrophobic effects and extensive van der Waals interactions between the C12 alkyl chains. Overall, in this chapter, we have shown that nucleobases can effectively drive the self-assembly of monomers in a controlled manner. However, their role is usually limited to a binding motif and molecular design is an important parameter to consider for yielding functional self-assembled systems. In the next chapter, we will try to highlight how these nucleobases can be used as functional units, particularly for recognition processes of metal ions, small molecules or even DNA oligo/polymer. We have seen in the previous chapter that molecules decorated with nucleobases can either self-recognize or co-assemble with complementary hydrogen-bonded motifs to form supramolecular architectures of various morphologies. However, it is also well-known that nucleobases have high and selective affinities for metal ions, 118,119,120 which have been exploited to produce functional materials. 121,122,123 Alternatively, small molecules presenting several faces for hydrogen bonding interactions can drive the self-assembly of nucleobase residues into various architectures whose morphologies is determined by the ratio of the different monomers involved. 124 Furthermore, owing to their molecular design, small molecules incorporating nucleobase recognition units are good candidates to combine with DNA strands in order to produce programmable hybrid supramolecular assemblies of well-defined dimensions, which could further be used in a variety of applications ranging from catalysis to optoelectronic materials. 125,126 In this chapter, we will discuss first the ion-templated self-assembly of guanine and thymine derivatives, and then show how small molecules can also assist their organization thanks to well-defined arrays of hydrogen bonding interactions. Finally, we will highlight some recent examples showing how small molecules incorporating nucleobase residues can be co-assemble with DNA strands to produce bio-hybrid supramolecular architectures.

metal-nucleobase interactions in DNA in order to control biological processes 127 but also more recently using small molecules or nanomaterials such as nanoparticles, 128 carbon dots, 129 graphene oxide 130 decorated with pyrimidine or purine residues in order to produce functional materials. On one hand, pyrimidine bases such as thymine, uracil and cytosine have been found to interact strongly with transition metal ions such as mercury, silver, platinum, palladium… 131 In particular, the selectivity of thymine and cytosine for respectively mercury and silver have been elucidated using a series of physico-chemical techniques such as NMR and FTIR spectroscopy, X-ray diffraction, or even calorimetry (ITC for instance). 119 On the other hand, in water or aqueous solutions, G-quartets have, to the best of our knowledge, only been isolated in the presence of various metal ions such as potassium, sodium, cesium, etc., but several studies have demonstrated that metal-templated structures can also be isolated in organic solvents. 92 In this bibliography section, we will only focus our discussion first on the self-assembly of metal-templated G-quartets and then highlight the potential of native thymine units and some related structures for binding mercury.

a. Self-assembly of metal-templated G-quartets

For the sake of clarity, it is important to define first the difference between G-quartet and G-quadruplex. While G-quartet corresponds to the macrocyclic arrangement of four guanine residues through a combination of Watson-Crick and Hoogsteen hydrogen-bond interactions, their subsequent oligomerization into columnar stacks via several non-covalent interactions (hydrogen-bonds, π-π stacking and cation-dipole interactions) leads to the formation of G-quadruplexes, which could be described as a supramolecular polymer of G-quartets.

Considering the extensive literature on G-quartet and G-quadruplex both using biologically relevant molecules and artificial ones, we will only focus on examples which describe the self-organization of G-quartets into G-quadruplexes.

In aqueous environments, several monovalent and divalent cations, such as for instance Ag + , NH 4 + , Sr hydrogels. 132,133,134 For instance, Ishihara and Kimura described the self-assembly in water of a tetra--peptidic macrocycle tailored with a lateral guanine residue (Figure 26). 135 The peptidic macrocycle was designed to self-assemble into nanotubular aggregates via intermolecular hydrogen-bonding interactions. However, in water and in the absence of potassium ions, only fuzzy aggregates were imaged by TEM. Nevertheless, when KCl was small anion-cation distances as it reduces the ion-pair separation energy. By playing with these different criteria and using a simple guanosine-2',3'-acetonide, they showed that micrometer-long fibers can be formed in acetone using KPF 6 as metal ion salt. The group of Barboiu has taken advantage of the self-assembling properties of guanine derivatives in organic solvents to design hybrid materials based on G-quartet structures. 145,146,147 For instance, they designed a guaninesiloxane derivative G Si and studied its self-assembling properties in acetone in the presence and the absence of potassium ions (Figure 27). FTIR and 29 Si magic angle spinning (MAS) NMR were first used to demonstrate the formation of the G-quartet in the presence of potassium triflate. Interestingly, in the absence of metal ion, XRD analysis evidenced the formation of hydrogen-bonded dimers, which further aggregate into parallel ribbons. After sol-gel process at the siloxane units in order to freeze the self-assembled architecture and calcination of the resulting material, SEM imaging confirmed the formation of platelet-like structures (Figure 27C). On the other hand, XRD analysis of G Si in the presence of K + suggested that G-quartets are formed and arranged into G-quadruplexes by π-π stacking interactions. Subsequent sol-gel process led to the formation of hexagonal rod-like structures of both handednesses, as imaged by SEM (Figure 27D).

Finally, upon calcination of the hybrid material, several morphologies ranging from nanofibers and nanobundles to microsprings were observed (Figure 27E) and were reminiscent of the chiral arrangement of the G-quartet at the nanoscopic scale. This example evidencs how the addition of a metal template can affect the self-assembly of guanine derivatives and lead to the formation of chiral well-defined aggregates from achiral monomers, 

b. Self-assemblies from metallo-thymine derivatives

As mentioned in the introduction of this section, pyrimidine units have been shown to form duplexes with various transition metals. In particular, as determined by thermal denaturation UV absorbance and ITC experiments, thymine demonstrates a high specificity for mercury involving highly ionic N(thymine)-Hg bonds as demonstrated by 15 N NMR and Raman spectroscopies. 119,131 Thus, considering toxicity issues associated with mercury and their related impact on human health, thymine derivatives have been considered as potential candidates for sensing and Hg 2+ -trapping. 123,148,149,150 For instance, the groups of Tian and Xu recently reported the synthesis of a distyrylanthracene (DSA) derivative decorated with two thymine residues as side chains, which present aggregation-induced emission properties in acetonitrile with increasing amounts of water (Figure 28A). 151 While at 60% water only few molecules aggregated in the absence of mercury ions, the addition of increasing amounts of mercury nitrate led to a bathochromic increase of the fluorescence similar to the one observed for high contents of water (Figure 28C). This observation indicates that DSA molecules aggregate upon binding to mercury, which is also evidenced by TEM images as shown by the formation of spherical aggregates with sizes of ~20-30 nm (Figure 28B). Interestingly, this chemosensor was found to be selective to mercury as no fluorescence increase was monitored upon addition of various metal ions (Figure 28D). This example demonstrates the selectivity of thymine residues for mercury thanks to a well-defined imino proton-metal exchange mechanism. 119 Moreover, the group of Jiang has shown that vesicles incorporating thymine residues at their surface can be used to selectively sense mercury by naked-eye detection at around 0.1 µM. 152 

Small molecule-templated self-assemblies

Besides ions, small molecules presenting several hydrogen bonding faces such as chemists have developed a variety of M, BA or CA analogues, which retain their hydrogen bonding properties but present enhanced solubility. These molecules have been shown to produce various self-assembled morphologies going from discrete supramolecular architectures to nanotubes or even extended networks and potentially leading to the formation of functional supramolecular materials such as sensors. 124 For instance, the group of Tang demonstrated how tetraphenylethene decorated with a barbituric residue can generate supramolecular polymers of different morphologies (nanospheres to nanorods) in the presence or the absence of melamine. 154 Interestingly, the self-assembled microrods obtained only with melamine were found to display interesting optical waveguiding properties. Besides molecular design, the ratio between melamine and the nucleobase derivative is an important parameter to control the observed aggregation patterns, as melamine also has the possibility to self-recognize by two hydrogen bonding interactions. For instance, Yu and coworkers reported how the stoichiometry of thymidine (T) and melamine (M) mixtures can
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affect the morphology of their corresponding aggregates in water while keeping the macroscopic xerogel properties (Figure 30). 160 For instance, when melamine was mixed with 3 equivalents of thymidine (TM 31 complex), FTIR experiments indicated that all N-H bonds from the melamine unit were engaged in hydrogen bond interactions with T. Owing to the π-π stacking ability of M, this TM 31 complex was shown to form short rods with lengths up to 4 µm (Figure 30A). For the 1:1 complex (TM 11), FTIR suggested the presence of non-hydrogen bonded N-H for the melamine (small sharp peaks at 3400-3450 cm -1 ) but SEM images showed similar structures to TM 31 complex albeit with larger widths (up to 800 nm) but shorter lengths (max. 2 µm, Figure 30B). Finally, when the xerogel was prepared from an excess of melamine (2 equivalents for one of T), thin sheet-like structures over micrometric distances were recorded by SEM, as a result of hydrogen-bonding network between the melamine residues (Figure 30C). This example highlights how stoichiometry is an important parameter to control morphology in multicomponent supramolecular polymers.

Similarly, using a self-assembling peptide decorated on a lysine residue with cyanuric acid which presents potentially two imide faces for melamine binding, the groups of Chen and

Yang demonstrated how the quantity of melamine can affect the morphologies of the self-assembled structures (Figure 31). 161 While the Nap-FFYGK-CA peptide was found to form fibrillar structures with a diameter of ~25 nm in the absence of melamine in different aqueous media (buffer, milk, urine) (Figure 31a), the addition of increasing amount of this aromatic molecule did not disrupt the self-assembled fibrils but led to an increase of their diameters along with the appearance of cross-linking points (Figure 31b-c). Interestingly, in the three aforementioned medium, addition of melamine to the peptidic molecule led to the formation of gels, which robustness was found to be dependent on the melamine content, i.e.

higher storage and loss modulus for 2 equivalents of melamine. Such SEM and rheological observations are consistent with the formation of fibers hold mainly by hydrogen bond interactions for low melamine contents and with additional π-π stacking for higher melamine contents (Figure 31). Overall, this example highlights how supramolecular polymers can be used as sensors to detect melamine at relatively low concentrations (20 ppm). However, to the best of our knowledge, there are no examples of such polymers which can achieve the high sensing properties of nanomaterials such as gold nanoparticles decorated with thymine residues or polyT DNA strands (ppb range). 

DNA-templated self-assemblies

Besides ions and small molecules, DNA macromolecules can be used to trigger the self-assembly of molecules or polymers decorated with nucleobase derivatives. A DNA strand consists of a polymeric phosphate backbone decorated on its side chains with nucleobase residues. Furthermore, DNA displays excellent recognition properties at its nucleobase sites, making this macromolecule a powerful tool to construct 2D or 3D architectures by self-assembly at the nanoscale, 165 as exemplified by the DNA origami technology. 166 Furthermore, the presence of negatively charged phosphate anions and of nucleobases with gold nanoparticles through specific triple hydrogen-bonding recognition. Chem 
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For the guanidinium decorated on both sides with a pyrene unit (GuaBiPy), a strong interaction with a ss-DNA made of 40 thymine units (dT 40 ) was observed by UV-Vis titration, as illustrated by the presence of new absorption bands in the 300-400 nm region for dT40-GuaBiPy mixture (Figure 32b), and CD experiments which indicated the formation of an helical assembly of the GuaBiPy units (Figure 32c). Furthermore, fluorescence experiments showed the appearance of a band at ~470 nm which is a clear signature of the formation of excimers due to π-π stacking interactions of the lateral pyrene units. Overall, these experiments indicated that positively-charged guanidinium compounds have a strong affinity for the negatively-charged DNA backbone and the resulting assembly is further stabilized by π-π interactions of the aromatic moieties.

Interestingly, electrostatic interactions have also been used to trigger the formation of covalent polymers such as polyaniline 170,171 and polythiophene 172 , using the DNA strand as template. Although this strategy allows to fabricate DNA nanostructures with interesting properties, this methodology lacks selectivity (that is without discrimination between different chains of nucleobases in the same sample), which might limits its applications.

b. DNA-templated self-assemblies with specific nucleobase recognition

Alternatively, small molecules decorated with nucleobase residues could be used to produce highly ordered nanostructures due to the enhanced recognition properties of nucleobases. Polynucleobases have been used to template the self-assembly of stacks of aromatic chromophores 173,174 and a cooperative effect between the length of the template and the stability of the assembly was observed, as longer templates led to more stable assemblies. 175 In this section, we would like to highlight some selected examples of NDA-tempated nanostructures based on nucleobase recognition and demonstrate that such methology can give rise to well-defined architectures with interesting properties. For instance, the group of Shimizu (OPV) decorated at both ends with thymidylic acid residues and a complementary oligoadenylic acid backbone dA 20 , which is known to form right-handed helices in neutral water solutions (Figure 33a). 176 Thanks to AFM imaging, they showed that the 1:1 mixture of both compounds generates long micrometric fibers with a right-handed helical pitch of around 60 nm and a fiber height of 6.4 nm (Figure 33b). In another example, the group of Balaz 169 reported the templated self-assembly of a porphyrin derivative decorated with a 2,6-diaminopurine and a ss-DNA made of 40 thymine units (dT 40 ) (Figure 34a). Extensive UV-vis, fluorescence and CD experiments evidenced the formation of helical supramolecular polymers both in the presence or the absence of nickel ions within the porphyrin core (Figure 34c). Interestingly, the annealing rate was found to favor the formation of helices with a single handedness and these structures displayed stabilities for pH ranging from 3 to 12 while being also stable up to 80°C. Further TEM studies of the co-self-assembly of porphyrins with dT 40 indicated the formation of 1D nanowires of micrometric lengths and with a width of around 16 nm (Figure 34b). Such width is consistent with the helical arrangement of the porphyrin units around the DNA backbone which further M= Ni, NiPor-DAP
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aggregates by side-to-side interactions of the triethylene glycol chains. It is noteworthy that the presence of nickel ions could evidence the presence of the porphyrin units with the nanofibers in the dark-field imaging mode.

Overall, these examples demonstrate that small molecules decorated with nucleobase moieties can be used to form well-defined DNA-tempated nanostructures. 179 Importantly, the size of the nanostructure is usually governed with the length of the DNA bakcbone, demonstrating the excellent cooperativity between the different self-assembling processes.

Finally, it is important to note that such templated strategies can be used to produce functional materials with properties inherent to the templated self-assembly of the monomeric units. 180 In conclusion, we have highlighted some selected examples of supramolecular polymers produced by templating strategies involving small molecules decorated with nucleobase residues, which ultimately can lead to the formation of functional materials. Considering the functional properties of triarylamine units, the results presented hereafter in this manuscript are related to the design of new molecular units composed of a triarylamine core and nucleobases side chains and the study of their self-assembling properties under various environmental conditions such as light irradiation, presence of metal ions or even small molecules.
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5: Light-triggered self-assembly of triarylamine-nucleobase conjugates 1. Objectives and targeted molecules

We have seen in the previous chapters that, on one hand, triarylamine molecules can produce supramolecular polymers presenting various architectures depending on their molecular design. 58,71,72,73,75 These nanostructures can either be formed directly in non-polar solvents or triggered by an external stimulus such as light or oxidation. 58,70,80 On the other hand, several groups have demonstrated that nucleobases can drive the self-assembly of small molecules into well-defined supramolecular polymers (Chapters 3 and 4). We were wondering if the triarylamine scaffold could be decorated with nucleobase units to access nanostructures that are driven by both building blocks.

We thus designed a series of triarylamine molecules incorporating either one or three identical nucleobases on their extremities, as we know that triarylamines trisamide can self-assemble without an external stimulus into mono-columnar aggregates while mono-substituted triarylamines give rise to bundles of fibers upon oxidation (Figure 35).

Figure 35|

Molecular structures of all triarylamine-nucleobase conjugates synthesized for this work.

Our study aims at demonstrating that nucleobases do not alter the self-assembling propensity of triarylamine molecules while being a secondary building block for further polymerization into ordered architectures. In this chapter, we will first report on the synthesis of all triarylamine-nucleobase conjugates depicted in Figure 35 and characterize their self-assembling properties upon light irradiation using a series of physico-chemical analyses.

Synthesis of targeted molecules

Synthetic routes that were designed to access all molecules displayed on Figure 35 are highly convergent as they rely on two key intermediates TAMBr (11) and TATBr (3), which are triarylamines molecules with either one or three brominated side chains, respectively.

Methylene carbons bearing a bromine atom can then serve as anchoring points to introduce various nucleobases.

The synthesis of mono-substituted triarylamines is reported on Scheme 1. Compound 10 was obtained in one step from commercially available building blocks using a modified

Ullmann coupling reaction as key process. 58 The nitro group was then reduced using tin chloride into the corresponding amine without affecting the benzyl protecting groups and the aromatic amine derivative was further reacted with 6-bromohexanoyl chloride to yield common intermediate TAMBr (11) in excellent yield. Guanine (12), thymine (13) and cytosine (15) derivatives were then obtained in one or two step from TAMBr by substitution of the primary bromide with the respective nucleobase, following procedures reported in the literature. 181,182,183 For instance, compound TAMG (12) was synthesized in two steps from compound (11) and commercially available 2-amino-6-chloropurine after sequential nucleophilic substitution and deprotection of the carbonyl using trifluoroacetic acid. Similarly, compound TAMC (15) was obtained after nucleophilic substitution with commercially available N4-acetylcytosine and removal of the acetate with potassium carbonate.

One interesting asset of these structures is their potentially easy modification either at the nucleobases or at the phenolic groups (Scheme 2). Indeed, nucleobases presenting a primary amine group such as cytosine or guanine can be modified with isocyanate to produce hydrogen bonding arrays such as ureidopyrimidinones (UPy). Such motifs have self-recognition properties with binding constants much higher than self-complementary nucleobases in non polar solvents. In this work, we synthesized ureidopyrimidinone derivative TAUPy ( 16) in one step from the cytosine derivative (15) and commercially available octyl isocyanate in decent yield after purification by reverse-phase preparative HPLC.

Scheme 2 | Synthesis of A) monotriaryalmine-ureidopyrimidinone derivative TAUPy (16) and B) tetraethyleneglycol-monotriaryalmine-thymine conjugate 4PEGTAMT (19).

Alternatively, phenol groups can be deprotected by hydrogenolysis and further modified with any side chain presenting well-defined properties such as hydrophilic ethylene glycol units.

We first attempted to directly enter tetraethylene glycol chains on the benzyl-deprotected TAMT molecule. However, either Mitsunobu reaction or nucleophilic substitution resulted in the concomitant alkylation of the phenol units and the imide moiety. Therefore, we first protected the imide and amide moieties of TAMT with Boc groups and then proceeded to the hydrogenolysis of the benzyl groups. Subsequent Mitsunobu reactions between the resulting free phenol units and commercially available tetraethylene glycol followed by deprotection of the imide and amide units using trifluoroacetic acid afforded compound 4PEGTAMT (19) in 23 % yield after purification by reverse phase HPLC.

Following similar synthetic procedures, triarylamines trisamide molecules decorated with one nucleobase on each side chain were synthesized. Compound 1 was obtained from an aromatic nucleophilic substitution reaction between of p-phenylenediamine and p-fluoronitrobenzene in basic conditions (Scheme 3). 80

Scheme 3 | Synthesis of TrisTriaryalmine-nucleobase conjugates TATG-2 (6).

After reduction of the nitro groups into the corresponding amines using tin chloride, amidation using bromoacetyl chloride provided compound 5 as a potential intermediate to access various nucleobases derivatives. Further nucleophilic substitution with 2-amino-6-chloropurine and deprotection using trifluoroacetic acid afforded compound 6 in very low yield. Indeed, one main problem associated with TATG-2 was its solubility in all solvents (non-polar, polar, aqueous solutions). Thus, we decided to use a longer spacer between the triarylamine core and the nucleobase in order to improve the solubility in organic solvents (Scheme 3). Following a sequence identical to the one used to reach compound 5, common intermediate TATBr (3) was obtained in two steps and good yields from compound 1 and commercially available 6-bromohexanoyl chloride.

Scheme 4 | Synthesis of TrisTriarylamine-nucleobase conjugates TATG-1 (4), TATT (7) and TATC (8).

All guanine (4), thymine (7) and cytosine (8) derivatives were obtained from this intermediate following identical procedures to the ones developed for the mono derivatives, albeit in lower yields after reverse-phase preparative HPLC. We found out that these low yields might come from the poor solubility of these triarylamines trisamide derivatives in common organic solvents. For instance, the guanine derivative TATG-1 was found to be only soluble in dimethylsulfoxide while TATT was soluble in methanol or even in a toluene/methanol (5:3) mixture. Thus, further studies on the self-assembling properties of tris-triarylamine-nucleobase conjugates were conducted only on the thymine TATT derivative.

thymine residues or by intermolecular hydrogen bonding of the amide moieties. Further experiments such as infrared spectroscopy should be performed in order to discriminate between both arrangements. Surprisingly, these two broad Bragg peaks were not present on the light-irradiated powder but might be masked by the concentration fluctuation observed at around 0.07 Å -1 , which corresponds to an ordered self-assembly as large as 9.0 nm.

Furthermore, the higher scattered intensity for the irradiated sample observed for q values below 0.1 Å -1 indicated a higher electron density, which might be related to the presence of larger aggregates. Although these scattering experiments remain preliminary and deserve a more detailed analysis, they suggests that larger ordered nanostructures are formed by TAMT after irradiation.

Discussion

This series of spectroscopic experiments evidenced the formation of supramolecular polymers for monotriarylamine molecules decorated with guanine (12), thymine (13), acetylcytosine (14) and ureidopyrimidinone ( 16) moieties and triarylamine triasmide presenting thymine residues as end chain groups. However, so far, it proved difficult to elucidate the molecular arrangement and supramolecular morphologies of the aggregates by scattering and microscopy experiments.

For the TrisTriarylamine-thymine molecule, spectroscopic data suggest a different molecular arrangement of the triarylamine core compared to the triarylamines trisamide already reported by our group, 80 which arrange in mono-columnar aggregates. Optical spectroscopic behaviors suggest an arrangement similar to the one encountered in monotriarylamine derivatives, i.e. formation of intermolecular hydrogen bonds between neighboring molecules and arrangement of the triarylamine core in a snowflake pattern. 70 Such arrangement would be reminiscent of the one observed in highly order triarylamine trisamide crystals. 186 Finally, one important result of this chapter is related to the propensity of cytosine to prohibit the disappearance of 1 H NMR signals upon light irradiation. Compared to other nucleobase residues, cytosine features a primary amine, which cannot be involved in a strong hydrogen bonding network, as opposed to guanine which can be engaged in G-ribbons or G-quartet (see chapter 3). We believe that the presence of this primary amine prohibit the formation of radical cations necessary to induce the formation of self-assembled structures. In oxidized upon light irradiation. This behavior was further confirmed by UV-Vis-NIR and fluorescence experiments on a solution of this 1:1 complex in chloroform (Figure 38). The spectroscopic behavior of this complex is very similar to the one recorded for other triarylamine molecules in this chapter. It consists in an increase of the absorption intensities at 782 and 400 nm and of the emission intensity at 534 nm and in a decrease of the emission intensity at around 450 nm, which is typically related to the presence of molecularly dissolved triarylamine molecules. Furthermore, we found that this 1:1 TAMG/TAMC complex give rise to the formation of sheet-like structures with various aspect ratio after light irradiation, while we have not been able to image the formation of any structure for TAMG supramolecular polymers (Figure 47). Although this study on the TAMG/TAMC complex deserves more experiments, in particular, regarding the possible molecular arrangement of the triarylamine units which lead to these well-organized structures, it clearly demonstrates that the monotriarylamine-cytosine conjugate has to be involved in a hydrogen bonding network in order to give rise to the formation of supramolecular polymers. At large, these results suggest that the presence of any primary amine on the triarylamine structure either on its core or as side chain will preclude any self-assembly process by prohibiting the light or chemically induced oxidation of the triarylamine core.

Overall, in this chapter, we have described the synthesis of ten different triarylamine-nucleobase conjugates and studied their light-induced self-assembling properties in chloroform. Although some of these molecules could not be studied due to solubility issues, we have shown that the presence of nucleobases close to the triarylamine core does not affect its self-assembling properties upon light irradiation, provided that primary amines are embedded in hydrogen bonding network. This work leads to a better understanding of the self-assembly behavior of triarylamine conjugates and will influence the design of self-assembling triarylamine structures.

Chapter 6: Templated self-assembly of triarylaminenucleobase conjugates

Objectives

In the bibliography section, we have highlighted that nucleobases, in particular thymine and guanine, have high and selective affinities for metal ions and small molecules. Most of these studies have been reported in water or aqueous mixtures and give rise to the formation of self-assembled structures upon addition of a chemical stimulus. Furthermore, in the previous chapter, we have shown that nucleobase residues do not affect the propensity of triarylamine molecules upon light irradiation, although we have currently not been able to determine precisely the structures and/or the molecular arrangement of the corresponding supramolecular polymers. Furthermore, we have ultimately demonstrated that binary complexes such as TAMG/TAMC can self-assemble into well-defined objected in chloroform after light irradiation.

In this chapter, we would like to determine if the addition of an external chemical probe could affect the ability of the triarylamine to self-assemble into well-defined morphologies.

Considering the limitations in terms of solubility of some triarylamine-nucleobase conjugates, we have thus studied the influence of the addition of a mercury salt or melamine on the self-assembly of the monotriarylamine-thymine (TAMT) conjugate and the propensity of the monotriarylamine-guanine (TAMG) conjugate to produce G-quartet in the presence of potassium ions. Importantly, all these studies were performed in organic solvents of various polarities as they might affect the formation of the self-organized structures. We believe that the use of light as an additional trigger might not be a prerequisite to produce organized nanostructures and that the combination of a chemical probe with the choice of a proper solvent could be sufficient to induce the formation of well-defined supramolecular polymers.

Melamine-templated self-assembly of TAMT

Melamine is a small molecule which present three possible hydrogen bonding faces arranged in a DAD pattern, which is complementary to the ADA hydrogen bonding face present on the thymine residue. Thus, we have studied the influence of the addition of melamine on the self-assembly of TAMT. Indeed, based on molecular modeling, we believe Scattered intensity I(q) q (Å -1 )

Figure 51| SANS scattering spectra of a TAMT-melamine complex in acetone (red) and in chloroform after light irradiation (blue) ([complex] = 12 mM).

Overall, using a combination of NMR and SANS experiments, we have confirmed the formation of a 3:1 TAMT/melamine complex in acetone. We will know focus on its possible self-assembly in various solvents.

b. Characterization of the light-triggered self-assembly of the melamine-TAMT complex

We have shown in the previous section that the TAMT/melamine complex remain stable in chloroform after several days and we thus probed its light-triggered self-assembly in this solvent. We proceeded with the same systematic study as the one performed in the previous chapter.

First, 1 H NMR spectroscopy at room temperature showed the typical behavior observed for the self-assembly of triarylamine compounds upon light irradiation, i.e. disappearance of the 1 H NMR signals corresponding to the triarylamine core and to the benzylic protons (large blue arrows, Figure 52). Interestingly, we could also observe that the 1 H NMR signals corresponding to the alkene proton of the thymine (H15, chemical shift at around 7.0 ppm) and to the melamine (NH 2 ) are not affected by the light-induced process, thus suggesting that they are not enforced in a strong self-assembled structure.

self-assembly of triarylamine molecules. Further increased irradiation times led to a small decrease of the 805 nm band, while the band at 382 nm remained stable. These observations suggest that, after 40 minutes irradiation, all triarylamine molecules are self-assembled and that further doping with light lead to a reduction of the radical at the extremities of the fibers as already observed with other triarylamine derivatives. 73 Compared with the kinetic experiments recorded for pure TAMT in chloroform, we observe that the complex does not affect the propensity of the triarylamine moiety to self-assemble. Although the kinetics seem very similar for both TAMT and its complex with melamine, we can see that the recombination of radicals is less pronounced in the complex suggesting that the complex give rise to longer aggregates compared to the molecule alone.

We thus probed the morphology of the supramolecular polymers formed by the TAMT/melamine complex by TEM microscopy (Figure 54). The formation of these dense structures is in agreement with the SANS experiments recorded on the complex after light irradiation in chloroform (Figure 52, blue points). Indeed, in this case, we only observe a scattering intensity which corresponds to the scattering intensity of the solvent. Such behavior has already been observed for several triarylamine self-assemblies and indicates that the complex form dense and large aggregates which size is not observed in the q range provided by SANS.

Overall, using a set of 1 H NMR, UV-Vis-NIR and TEM experiments, we have shown that the 3:1 TAMT/melamine complex form well-defined fibrillar aggregates in chloroform
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In order to get a better understand of the morphology of these, TEM images were recorded on toluene solutions at concentrations lower than the gelation concentration (Figure 61). Bundles of rigid nanofibers with a micrometric length and a width of around 40 nm were observed. However, it is difficult to correlate the structures observed by SEM and TEM with the current information available. Further experiments such as AFM, SANS or SAXS and cryo-TEM on the gel will have to be performed in order to elucidate the molecular arrangement of the TAMT/melamine complex within this fibrillar aggregates.

d. Discussion

In this section, we have shown that the triarylamine-thymine conjugate can be used to form a ternary complex with melamine thanks to a triple ADA-DAD hydrogen bonding array.

This complex was found to be stable in various organic solvents such as acetone, chloroform and toluene. We further demonstrated that the complex retains the light-induced self-assembling properties of the triarylamine core, which give rise to the formation of well-defined micrometric fibers. By playing with solvent polarity, we have also demonstrated
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that the complex can give rise to different macroscopic structures such as unusual millimetric spherical aggregates in chloroform/methanol mixtures or self-supporting gels in toluene.

Interestingly, preliminary information obtained on these structures suggest that on one case the self-assembly is driven by the triarylamine core while in the other one, the thymine/melamine complex is at the origin of the self-assembled structures. Further experiments such as AFM and scattering experiments will have to confirm these first observations by providing information on the molecular arrangement of the TAMT-melamine complex within these hierachical self-assemblies. To the best of our knowledge, this work represents the first example of supramolecular polymers build from melamine in organic solvents.

Mercury-templated self-assembly of TAMT

We have seen in chapter 4 that molecules with a thymine or uracil residue can be used to detect mercury. Indeed, this heavy metal ion was shown to form specific Hg II -mediated T-T base pair, which have been characterized by means of various physico-chemical analyses such as 15 N NMR, Raman, IR and optical spectroscopies along with crystallographic studies. 119 Most of the studies reported so far in the literature deal with the complexation of mercury in aqueous solution. Thus, we were wondering if our monotriarylamine-thymine conjugate could be used to monitor the presence of mercury in organic solvents. We designed a series of spectroscopic experiments which aim at understanding the binding of mercury ions to TAMT either in its molecularly dissolved state or in its aggregated state, i.e. in chloroform before and after light irradiation.

a. Spectroscopic characterizations

In order to understand whether the addition of mercury as HgCl 2 salt affect the triarylamine structure, we initially perform 1 H NMR experiments in chloroform on either a molecularly dissolved TAMT solution or a self-assembled TAMT solution in the presence or in the absence of mercury (Figure 62). The addition of 0.5 equivalent of HgCl 2 on a 8.4 mM solution of TAMT in CDCl 3 lead to drastic changes in the 1 H NMR spectrum (black and red bottom spectra on Figure 62). We observed a broadening of the peaks corresponding to the triarylamine core (H5-H8), to the benzylic protons (H4), to the methylene protons close to the amide moiety (H10) and to the amide moiety (H9). Furthermore, we could also observe a downfield shift of the signal corresponding to the imide moiety of the thymine residue. These observations suggest that mercury binds to this imide proton but it also have a strong influence on the triarylamine core, which will have to be elucidated.

Figure 62|

A. Upon light irradiation of these two solutions for one hour, we observe a complete flattening of the triarylamine signals in both cases while in the presence of mercury, the downfield shift of the imide proton could still be observed, indicating that the light-induced process do not affect the binding affinity of thymine to mercury. To confirm that the binding of mercury induce a downfield shift of the imide proton, we prepared a thymine derivative decorated at its N1 position with a pentyl chain. Upon addition of mercury, we also observe this downfield shift of the imide proton, confirming the ability of TAMT to bind mercury ions even after light irradiation. Furthermore, we also studied the influence of the addition of mercury ions to triarylamine molecules without thymine residues (Figure S8 and Figure S9).

When mercury was added to compound 10 (nitro-triarylamine derivative), we did not observe any change of its 1 H NMR spectrum. However, when mercury was added to the triarylamine acetamide (BATA), we observed the disappearance of all signals corresponding to the molecule except the ones of the benzyl groups. These control experiments confirm that mercury has an influence on the triarylamine core provided that the structure incorporates an amide moiety.

We then investigated chloroform solutions of TAMT in the presence and in the absence of mercury by DOSY NMR in order to confirm the formation of a dimeric structure in the presence of the salt (Table 3). Surprisingly, a similar hydrodynamic radius was recorded for both solutions. Compared to the hydrodynamic radii recorded for the TAMT/melamine complex (~8.8 Å), we believe that sizes recorded for pure TAMT and the TMAT-Hg complex evidence the formation of dimeric structures in both cases, as thymine is known to form homodimers by double hydrogen bonding interactions (see chapter 3). Importantly, we also tried to monitor the binding of mercury to the different imide and amide moieties of TAMT by using 15 N NMR experiments. However, although this technique was used to probe the association of mercury with thymine, all experiments did not allow us to confirm any binding at any position. As FT/IR has been reported as a technique commonly used to record thymine-mercury binding, we studied the influence of the addition of mercury on TAMT, BATA and thymine-C 5 (compound 20). These experiments were performed on powders obtained after concentration of the corresponding solution in chloroform, and by using the ATR mode (Figure 63). In the absence of mercury, these experiments show that the imide (I) C=O stretching band corresponds to the broad band at around 1675 cm -1 , which overlaps with the amide (I) C=O stretching band of the triarylamine moiety which is located at around 1660 cm -1 (Figure 63B,C).

Figure 63| FT-IR spectra of 20 (thyming-C5) (A), BATA (B) and TAMT (C.before irradiation; D.after irradiation) in the presence or the absence of mercury and recorded on powders using the ATR mode .

Unfortunately, when FT-IR spectra were recorded on powders containing a 2:1 mixture of TAMT, BATA and thymine-C 5 and HgCl 2 , we could not observe any major difference. Careful analysis of these data might suggests that the imide (I) C=O band is slightly shifted and broaden upon addition of mercury, but this variation is not strinking.

We then turned to UV-vis-NIR experiments to monitor if the addition of mercury has an influence of the spectroscopic behavior of TAMT. 
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hypsochromically shifted by around 23 nm. The intensity of these bands increased with irradiation time until reaching a maximum after irradiating for 40 minutes. This maximum absorption after 40 minutes irradiation was found to be associated with a maximum of absorption of the band at 382 nm, which is related to the self-assembly of triarylamine molecules. Further increased irradiation times led to a decrease of the 805 nm band, while the band at 382 nm remained quite stable.

Figure 64|

A. UV-vis-NIR spectra of TAMT for increasing irradiation times. B. UV-vis-NIR spectra of TAMT-Hg(II) complex for increasing irradiation times. C-D. Evolution of the absorbance at C. 782 nm for TAMT-Hg(II) complex (black) and 805 nm for TAMT (red) and D. at 382 nm for TAMT-Hg(II) complex (black) and TAMT (red) as a function of irradiation time (c = 0.1 mM in chloroform).

It is important to note that the kinetic of the self-assembly is not affected by the presence of mercury as kinetic plots of these UV-Vis-NIR data are almost identical except that the absorbance intensity is higher for the TAMT-Hg(II) complex, suggesting that the complex does not affect the propensity of the triarylamine moiety to self-assemble (Figure 64C-D). As the amide moiety is a prerequisite to observe such optical behavior upon light irradiation, these experiments suggest that mercury does not bind to the amide moiety of the triarylamine core. As control experiment, we also monitored the behavior of BATA, which does not incorporate the thymine residue, in the presence and the absence of mercury upon light Similarly to TAMT, the band at 806 nm corresponding to BATA triarylammonium radical cations is hypsochromically shifted by around 22 nm in the presence of mercury. However, the addition has no influence on the kinetics of the self-assembly process, nor on the absorbance intensity. Furthermore, we also probed the kinetics of self-assembly in the presence of metals ions such as zinc(II), iron (III) and magnesium (II), which are not known to bind to the thymine residue (Figure S10). For these three metal ions, no hypsochromic shift was observed for the band corresponding to the triarylammonium radical cation and the kinetic upon light irradiation was almost identical to the one recorded for pure TAMT. Currently, we do not have an explanation for the hypsochromic shift observed in the presence of mercury although we believe it is related to its binding to the triarylamine moiety.

We then probed the influence of adding increasing amounts of mercury on a 0.1 mM solution of TAMT in chloroform which has been light irradiated for 20 minutes (Figure 66). 
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Upon adding mercury, the absorbance band at 805 nm was shifted to a lower wavelength for increasing amounts of mercury until reaching a stable value after the addition of 0.5 equivalents (Figure 66A). We also observed a) a slight decrease of the absorbance at 805 nm, b) a gradually increase of the absorption bands located between 650 nm to 750 nm and c) almost no change of the absorbance at 400 nm, which is characteristic of the self-assembly of the triarylamine molecules. Surprisingly, a similar behavior was also recorded for BATA under identical conditions We also studied the influence of the addition different metals ions (0.5 equivalent) on light-irradiated solutions of TAMT (Figure 66B). Although a slight decrease of the absorbance intensity was observed for iron ions, no hypsochromic shift of the band corresponding to the triarylammonium radical cation was recorded for any of the metals, confirming that TAMT has a selective affinity for mercury.

b. Discussion

Overall, using 1 H and DOSY NMR spectroscopy, we have demonstrated that mercury is able to bind to the thymine residue present on the triarylamine-thymine molecule, thus leading to the formation of a dimeric structure. We then probe the light-induced properties of this complex using UV-Vis-NIR experiments and demonstrated that TAMT is selective for mercury and that the mercury complex retain the ability to self-assemble in chlorinated solvents upon light irradiation. This observation indicates that mercury does not bind to the amide moiety of the triarylamine core necessary for the self-assembly process. However, we still need to understand why a triarylamine molecule without any thymine residue (BATA) 
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indicating the fibril growth associated with the self-assembly of the triarylamines followed the same pattern as the G-quartet. The distance of 0.32 nm was even shorter than the original triarylamine stacking distance (0.36 -0.37 nm), 70 thus suggesting a potentially higher electric conductivity resulting from the denser packing.

Therefore, the ion templated self-assembly of TAMG is characterized by a well-ordered arrangement in both long-range and short-range, which can be obviously noticed by comparing SAXS and WAXS datas obtained in the presence and in the absence of potassium salt. The phase transformation induced by a second self-assembly process is a rather novel and peculiar phenomenon for the triarylamine family. Although we only reported preliminary results on this topic, more systematic investigation remain to be performed, but the potassium templated self-assembly of TAMG offers potentially new directions for the self-assembly of triarylamine molecules.

Overall, in this chapter, we have reported the templated self-assembly of monotriarylamine-thymine and monotriarylamine-guanine derivatives using either ions or small molecules. We have shown that triarylamine molecules retain their self-assembling properties even in the presence of an external chemical probe, as soon as it does not affect the non-covalent interactions necessary for the self-assembly of the triarylamine core. The use of external stimuli other than light (solvent, chemical) was shown to give rise to new morphologies such as millimetric spherical aggregates. Overall, this work proposes new approaches for the self-assembly of triarylamine molecules, although they are not all driven by the self-assembly of the triarylamine core.

General Conclusion

In this manuscript, I described the results of my PhD work on the self-assembly of well-designed triarylamine molecules, which was pioneered by our group.

In terms of synthetic achievements, we successfully synthesized ten novel triarylamine-nucleobase molecules based either on a mono-amide or a tris-amide triarylamine scaffold in a highly convergent manner. While the syntheses of the monoamide triarylamine-nucleobase molecules (TAMT, TAMG, TAMC, TAMaC, TAUPy, 4PEGTAMT)

were straightforward from a common brominated intermediate and proceed with reasonable yields, the syntheses of the trisamide triarylamine-nucleobase molecules were complicated by their poor solubility in most organic solvents and water.

We then studied the self-assemblies of these triarylamine monomers in chlorinated solvent upon light irradiation. The corresponding supramolecular polymers were characterized following a systematic approach combining 1 H NMR, UV-Vis, and fluorescence spectroscopies.

However, so far, it proved difficult to elucidate the molecular arrangement and supramolecular morphologies of the aggregates by scattering and microscopy experiments. For the trisamide triarylamine-thymine molecule, spectroscopic data suggest a molecular arrangement of the triarylamine units in double columnar aggregates as already observed only for monotriarylamine compounds. One important result of this chapter is related to the molecular design of triarylamine molecules in order to keep the self-assembling properties. We suggest avoiding the presence of primary amines which cannot be embedded in hydrogen bonding arrays, as they prohibit the formation of self-assembled structures.

After the fundamental research of the light-triggered self-assemblies of triarylamine-nucleobases conjugates, we also studied the ion-and small molecule-templated self-assemblies of monoamide triarylamine-nucleobase molecules. Using a wide variety of physico-chemical techniques going from optical spectroscopies to X-ray scattering and microscopies, we demonstrated that these chemical stimuli do not hinder the self-assembly process of the triarylamine core. Compared to previous works related to the templated self-assembly of small molecules decorated with nucleobases, we have shown that such templated strategies are not limited to aqueous solutions but can also be performed in organic solvents of various polarities. For instance, we have reported the first example of supramolecular polymers build from melamine in organic solvents. Besides, the hybrid supramolecular polymers with different morphologies of triarylamine-monoguanine conjugate in absence and in presence of potassium salts were also obtained due to the co-self-assembly of triarylamine core and guanine. However, a deeper interpretation of the different data, in particular for the ion-templated approaches, remains to be perform in order to fully understand the role of the templating ions in the self-assembly process.

Overall, the impact of this work is three-fold: a) it leads to a better understanding of the self-assembly behavior of triarylamine conjugates, b) it influences the design of self-assembling triarylamine structures and c) it offers new approaches for the self-assembly of triarylamine molecules.
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General procedures a. Solvents and chemical reagents

All reagents and solvents were purchased at the highest commercial quality and used without further purification unless otherwise noted. Dry solvents were obtained using a double column SolvTech purification system. Water was deionized by using a milli-gradient system (Millipore, Molsheim, France If the molecule (aggregate) in solution is assumed as spherical, R H can be obtained from:

= √ (2)
with υ partial specific volume and M molecular weight of the molecule.

From equations (1) and (2), under identical conditions, the relationship between the diffusion coefficients of two different aggregates (or macromolecules) and their molecular weight can be described as:

= √ (3) 
ii.

Mass sp ect rom et ry ESI-MS mass spectra were recorded in a SQD apparatus from Waters

iii. UV-vis-NIR sp ect roscopy UV-Vis-NIR spectra were recorded on a UV-Vis-NIR spectrophotometer Perkin Elmer -Lambda 25, with a 0.1 mM solution in quartz glass cuvette with 1.0 cm optical path.

Solutions of non-self-assembled triarylamine molecules in chlorinated solvents (chloroform, dichloromethane) or in a toluene/methanol mixture containing 5-10 vol% of chloroform were generally prepared at 0.1 mM. The first scan was recorded before irradiation and then each solution was irradiated for specific time intervals using a standard 20 W halogen lamp.

iv. Fluorescence sp ect roscop y

Fluorescence emission spectra were recorded on a FluoroMax-4 (Horiba JobinYvon) spectrofluorometer with the following settings: slit width = 5 nm, increment = 1 nm, integration time = 0.1 s in quartz glass cuvette with a 1.0 cm optical path.

Solutions of non-self-assembled triarylamine molecules in chlorinated solvents (chloroform, dichloromethane) or in a toluene/methanol mixture containing 5-10 vol% of chloroform were generally prepared at 0.1 mM. The first scan was recorded before irradiation and then each solution was irradiated for specific time intervals using a standard 20 W halogen lamp. Scanning electron microscopy (SEM) experiments were performed using a Hitachi S-4500 microscope (0.5-30 kV). respectively. The sample to detector distance was set at 0.70 m for the Elexience diffractometer and 0.20 m for the Nanostar one, allowing to explore scattering vectors ranging from q = 0.01 Å -1 to 0.9 Å -1 , with q = 4πsin(θ/β)/ , where and θ are the wavelength of the incident beam and the scattering angle, respectively. The q-resolution related to the beam size on the sample and the beam divergence was close to 0.005 Å -1 . Cells of 1 mm thickness and calibrated Mica windows were used as sample holders. Measurements were performed at room temperature. All data were treated according to standard procedures for isotropic small angle X-ray scattering.

After radial averaging, the spectra were corrected from electronic noise of the detector, empty cell, absorption and sample thickness. A 55 Ir source was used for the corrections of geometrical factors and detector cells efficiency as well as a Silver Behenate sample, for the q-calibration.

After all these data treatments, the scattered intensities were corrected from the scattering of the solvent. According to such a procedure, the scattered intensity I(q) containing all the structural information is obtained for each solution.

The Bragg diffraction equation commonly employed for data analysis is:

= sin  = (4) 
with d lattice space; angle of incident light;  wavelength of the X-ray beam and q scattering vector.

x. Sm all angle neut ron scat t ering (SANS)

SANS experiments were performed on the PACE spectrometer at the Laboratoire Leon Brillouin (LLB, CEA Saclay). Typically, three configurations were used: the first was set with a distance sample to detector of 4.7 m, a wavelength of 13 Å and a collimation distance of 5.00 m, the second at 3 m and 4.6 Å and the last at 1 m and 4.6 Å with a collimation distance of 2.5 m, providing a large accessible q-range from 3 × 10 -3 to 0.3 Å -1 . PACE is a small angle neutron scattering spectrometer dedicated to the study of isotropic scattering. It is equipped with a position sensitive multi-detector made of 30 concentric rings centered around the beam. The monochromator is provided by Dornier Embh, and has the particularity of being very compact that allows retracting it without substantial handling. The resulting solution was used as such for spectroscopic measurements.

For UV-Vis-NIR measurement, a mercury solution (β.5 L, 0.01 mol) was added sequentially into either a TAMT or a BATA solution (0.1 mM, 1 mL).

xiii. Sam p le p rep arat ion of t he G-quart et

Sample preparation for G-quartet follows procedures similar to those reported in the literature 140,144,188 . KI (16.6 mg, 0.10 mmol) or KPF 6 (18.4 mg, 0.10 mmol) were first dissolved in acetone (10.0 mL) as a 10 mM solution. An accurate quantity of one of these salt solutions (100 µL) was evaporated under reduced pressure. Then compound 12 (β.88 mg, 4.00 mol) and tetrahydrofuran or toluene (1.00 mL) were added directly onto the dry salt and the resulting solution was stirred overnight at room temperature, before being used for characterizations.

Synthesis and characterizations of compounds

N, N-bis(4-nitrophenyl)benzene-1,4-diamine (1) 1 Potassium carbonate (2.78 g, 20.0 mmol) was added to a solution of p-phenylenediamine (0.54 g, 5.00 mmol) and 4-fluoronitrobenzene (1.10 mL, 10.0 mmol) in dimethyl sulfoxide (15.0 mL). and the mixture was stirred at 90 °C for three days under an argon atmosphere. The solution was then allowed to cool down to room temperature and the reaction mixture was poured into distilled water (200 mL). The resulting dark red solid was filtered and washed several times with water (3 * 200 mL). This crude compound was finally purified by column chromatography (SiO 2 , dichloromethane → dichloromethane/cyclohexane: 3/1) to afford compound 1 (1.52 g, 87 %) as a dark orange solid. 

4

To a cold solution of 2-amino-6-chloropurine (510 mg, 3.04 mmol) in dimethylformamide (10.0 mL) was added NaH (60% dispersed, 121.7 mg, 3.04 mmol). The mixture was stirred at 0 °C until complete homogenization. Then, a solution of compound 3 (500 mg, 0.61 mmol) in dimethylformamide (12.0 mL) was added dropwise slowly and the reaction mixture was allowed to warm to room temperature overnight. After concentration under reduced pressure and addition of water (100 mL), a dark brown solid precipitated, was collected by filtration, and then washed with water (5 * 100 mL). This crude residue was directly dissolved in a 3:1 mixture of trifluoroacetic acid/H 2 O (8.00 mL) and the resulting solution was stirred at room temperature for 2 days. Solvents were then evaporated and the crude residue was washed several times with diethyl ether (3 * 100 mL) to afford crude compound 4 as a dark green solid.

Further purification by reverse phase preparative HPLC-MS (Column: SunFire Prep C18) provided compound 4 (60 mg, 11 %) as a brown solid. 

N-(4-{bis[4-(2-bromoacetamido)phenyl]amino}phenyl)-2-bromoacetamide (5)

5

A solution of compound 2 (400 mg, 1.40 mmol) and triethylamine (0.63 mL, 4.60 mmol) in dichloromethane (30.0 mL) was added dropwise to a cooled solution of bromoacetyl chloride (340 µL, 4.13 mmol) in dichloromethane (40.0 mL) at 0 °C. The reaction mixture was heated up slowly to room temperature overnight. After that time, a slightly yellow solid precipitated, which was diluted with diethyl ether (100 mL). The organic phase was washed with HCl (2 × 100 mL) and brine (100 mL), dried over Na 2 SO 4 and concentrated under reduced pressure.

Further purification by column chromatography (SiO 2 , dichloromethane → dichloromethane/ethyl acetate: 1/1) provided compound 5 (649 mg, 72%) as a white solid. 

6

To a cold solution of 2-amino-6-chloropurine (649 mg, 3.83 mmol) in dimethylformamide (20.0 mL) was added NaH (60% dispersed, 153.1 mg, 3.83 mmol). The mixture was stirred at 0 °C until complete homogenization. Then, a solution of compound 5 (500 mg, 0.77 mmol) in dimethylformamide (10.0 mL) was added dropwise slowly and the reaction mixture was allowed to warm to room temperature overnight. After concentration under reduced pressure and addition of water (100 mL), a dark brown solid precipitated, was collected by filtration, and then washed with water (5 * 100 mL). This crude residue was directly dissolved in a 3:1 mixture of trifluoroacetic acid/H 2 O (8.00 mL) and the resulting solution was stirred at room temperature for 2 days. Solvents were then evaporated and the crude residue was washed several times with diethyl ether (3 * 100 mL) to afford crude compound 6 as a dark green solid.

Further purification by reverse phase preparative HPLC-MS (Column: SunFire Prep C18) provided compound 6 (22.0 mg, 2 %) as a brown solid. 

7

A solution of thymine (460.6 mg, 3.65 mmol), potassium carbonate (504.7 mg, 3.65 mmol) and compound 3 (250 mg, 0.30 mmol) in dimethylformamide (6.00 mL) was stirred at 60 °C overnight. After that time, the solution was concentrated under reduced pressure and then, distilled water (50 mL) was added. The resulting white solid was filtered, washed several times with water (5 * 50 mL) and further purified by reverse-phase preparative HPLC-MS (Column: XBridge Prep C18) to afford compound 7 (17.0 mg, 4 %) as a white powder. 

8

A solution of acetylcytosine (335.6 mg, 2.20 mmol), potassium carbonate (302.8 mg, 2.20 mmol) and compound 3 (200 mg, 0.24 mmol) in dimethylformamide (14.0 mL) was stirred at 60 °C overnight. After that time, the solution was concentrated under reduced pressure and then, distilled water (100 mL) was added. The resulting crude residue was filtered and washed several times with water (5 * 100 mL). A suspension of this crude residue (200 mg, 0.19 mmol) and potassium carbonate (239.6 mg, 1.70 mmol) was stirred in methanol (20 mL) at room temperature. The reaction was monitored by UPLC-MS and stopped after 18 hours by concentration under reduced pressure. The crude residue was washed by water (5 * 100 mL) and further purified by reverse-phase preparative HPLC-MS (Column: XBridge Prep C18) to afford compound 8 (14.5 mg, 8 %) as a white powder. 

1-(benzyloxy)-4-iodobenzene (9)

Potassium carbonate (8.30 g, 60.0 mmol) was added to a solution of 4-iodophenol (2.64 g, 12.0 mmol) in acetone (66.0 mL) and then, benzyl bromide (1.19 mL, 10.0 mmol) was added dropwise under an argon atmosphere. The reaction mixture was then heated up to reflux overnight. After concentration under reduced pressure, the crude residue was dissolved in ethyl acetate (100 mL) and the organic phase was washed with water (50.0 mL), NaOH 1M solution (2 × 100 mL) and brine (50.0 mL) and dried over Na 2 SO 4 . Further concentration under reduced pressure afforded compound 9 (3.05 g, 98 %) as a white solid. 

4-(benzyloxy)-N-[4-(benzyloxy)phenyl]-N-(4-nitrophenyl)aniline (10)

10

In one flask under argon, 4-nitroaniline (1.11 g, 8.06 mmol) and compound 9 (10.0 g, 32.2 mmol) were dissolved in dimethylformamide (30.0 mL). The solution was then added dropwise to a mixture of copper iodide (0.614 g, 3.20 mmol), potassium carbonate (8.91 g, 64.5 mmol) and L-Proline (0.743 g, 6.45 mmol) in a 100 mL Schlenck and the reaction mixture was stirred vigorously at 125 °C. The reaction was followed by UPLC-MS and stopped after 12 days. The mixture was cooled down to room temperature and ethyl acetate (50.0 mL) was then added. The solution was passed through a pad of silica gel and washed with ethyl acetate (600 mL) to remove all copper salts. The resulting organic phase was concentrated under reduced pressure.

Further purification by column chromatography (SiO 2 , pentane → pentane/diethyl ether: 5/1) afforded compound 10 (220 mg, 69 %) as a dark red solid. 

11

A solution of compound 10 (200 mg, 0.40 mmol) and tin dichloride (1016 mg, 4.46 mmol) in a mixture of acetonitrile (6.50 mL) and ethanol (5.50 mL) was stirred overnight under reflux.

After that time, the solution was cooled down to room temperature and diluted with dichloromethane (100 mL). The organic phase was washed by Na 2 CO 3 sat. (2 x 100 mL) and brine (100 mL), dried over Na 2 SO 4 and concentrated under reduced pressure. The resulting product of N,N-bis[4-(benzyloxy)phenyl]benzene-1,4-diamine was clean enough to be used as such in the next step. This crude aromatic amine (188 mg, 0.40 mmol) and triethylamine (0.06 mL, 0.44 mmol) were added dropwise to a cooled solution of 6-bromohexanoyl chloride (0.06 mL, 0.40 mmol) in dichloromethane (10.0 mL) under an argon atmosphere and the reaction mixture was stirred overnight at room temperature. The reaction was then diluted with dichloromethane (50 mL) and the organic phase was washed with NH 4 Cl (2 × 50.0 mL) and brine (50.0 mL), and then dried over Na 2 SO 4 . Further concentration under reduced pressure and purification by column chromatography (SiO 2 , cyclohexane → cyclohexane/ethyl acetate: 3/1) afforded compound 11 (232 mg, 90 % over 2 steps) as a light yellow solid. 
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To a cold solution of 2-amino-6-chloropurine (195.8 mg, 1.16 mmol) in dimethylformamide (8.0 mL) was added NaH (60% dispersed, 46.2 mg, 1.16 mmol). The mixture was stirred at 0 °C until complete homogenization. Then, a solution of compound 11 (500 mg, 0.77 mmol) in dimethylformamide (16.0 mL) was added dropwise slowly and the reaction mixture was allowed to warm to room temperature overnight. After concentration under reduced pressure and addition of water (100 mL), a solid precipitated, was collected by filtration, and then washed with water (5 * 100 mL). This crude residue was directly dissolved in a 3:1 mixture of trifluoroacetic acid/H 2 O (6.5 mL) and the resulting solution was stirred at room temperature for 2 days. Solvents were then evaporated and the crude residue was washed several times with diethyl ether (100 mL) to afford crude compound 12. Further purification by column chromatography (from dichloromethane → dichloromethane/methanol: 10/1) provided compound 12 (90 mg, 20 %) as a grey solid. 

13

A solution of thymine (116.5 mg, 0.92 mmol), potassium carbonate (127.6 mg, 0.92 mmol) and compound 11 (200 mg, 0.31 mmol) in dimethylformamide (20.0 mL) was stirred at 60 °C overnight. After that time, the solution was concentrated under reduced pressure and then, distilled water (100 mL) was added. The resulting white solid was filtered, washed several times with water (5 * 100 mL) and further purified by column chromatography (SiO 2 , toluene → toluene/ethyl acetate: 1/4) to afford compound 13 (120 mg, 56 %) as a grey solid. 

15

A suspension of compound 14 (500 mg, 0.69 mmol) and potassium carbonate (574.4 mg, 4.16 mmol) was stirred in methanol (55.6 mL) at room temperature. The reaction was monitored by UPLC-MS and stopped after 6 hours by concentration under vacuum. The crude residue was washed with water (7 * 100 mL) and further purified by reverse-phase preparative HPLC-MS (Column: XBridge Prep C18) to afford compound 15 (120 mg, 25 %) as a white solid. Compound 13 (186 mg, 0.267 mmol) was added to a solution of 4-dimethylaminopyridine (130.8 mg, 1.07 mmol) and di-tert-butyl dicarbonate (0.286 mL, 1.34 mmol) into dry tetrahydrofuran (9.3 mL) at 0 °C. The solution was then allowed to be heated slowly to room temperature and stirred overnight. Then the reaction mixture was concentrated under reduced pressure and the resulting residue was dissolved in ethyl acetate (50.0 mL). The organic phase was washed with brine (3 × 50.0 mL), dried over anhydrous Na 2 SO 4 and further concentrated under reduced pressure. Further purification by column chromatography (SiO 2 , toluene → toluene/ethyl acetate: 4/1) afforded compound 17 (210.0 mg, 88 %) as a white solid. 

18

Compound 17 (210 mg, 0.235 mmol) was dissolved in ethyl acetate (4.7 mL) to form a 50.0 mM solution. A H-Cube continuous flow reactor was used for the hydrogenation. The flow rate was set with the HPLC pump to 0.10 mL/min. The hydrogen pressure was set to full H 2 mode, the temperature to 70°C and a cartridge containing 10% Pd/C was used. After the reaction, the sample was collected and evaporated to give product 18 (150.9 mg, 90 %) as a white solid. 

19

Diisopropyl azodicarboxylate in tetrahydrofuran (2.0 mL) was added dropwise to a solution of compound 18 (170 mg, 0.238 mmol), tetraethylene glycol (99.0 µL, 0.571 mmol) and triphenylphosphine (156 mg, 0.595 mmol) in tetrahydrofuran (8.00 mL) at 0 °C. The whole solution was allowed to warm to room temperature, then heated to 60.0 °C slowly and stirred overnight. After that time, the solvent was removed in vacuum and the residue was purified by column chromatography (SiO 2 , ethyl acetate/methanol: 50/1) to provide Boc-protected compound 19 (140 mg, 55 %). Trifluoroacetic acid (20.0 mL) was then added dropwise to this compound (110.0 mg, 0.10 mmol) in ethyl acetate (20.0 mL). After stirring overnight at room temperature, the reaction mixture was concentrated under reduced pressure and further purification by reverse-phase preparative HPLC-MS (Column: XBridge Prep C18) afforded compound 19 (21.0 mg, 23 %) as a white solid. 

5-methyl-1-pentylpyrimidine-2,4(1H,3H)-dione (20)

20

A solution of 1-bromohexane (100 µL, 0.709 mmol), thymine (268 mg, 2.13 mmol) and potassium carbonate (294 mg, 2.13 mmol) in dimethylformamide (20.0 mL) was gently heated to 60 °C overnight. After evaporation of the solvent under reduced pressure, the residue was dissolved in ethyl acetate (50 mL) and the organic phase was washed with brine (5 * 50 mL) and dried over anhydrous Na 2 SO 4 . After concentration under reduced pressure, the crude residue was further purified by reverse-phase preparative HPLC-MS (Column: SunFire Prep C18) to afford compound 20 (65 mg, 44%) as a white solid. p is e t odifi es peuve t s'auto-assembler dans des solvants chlorés en fagots de fibres très denses, qui présentent des propriétés de conduction similaires aux métaux grâce à un processus de polymérisation non-covalente (Figure 1a-b). [6][7][8][9] Au cours des dernières années, notre groupe a démontré que des modifications chimiques des chaines latérales présentent sur ce synthon TAA 'i hi aie t pas leu s p op i t s d'auto-organisation et pouvaient conduire à l'o te tio de o phologies dive ses p i ipale e t da s des solva ts apolaires. [10][11][12][13] L'o je tif de o t avail de th se tait do d' tudie si des t ia la i es modifiées par des bases nucléiques conservaient leurs propriétés d'auto-assemblages et, de façon ultime, de construire des systèmes hybrides ADN-TAA conducteurs en tirant partie des propriétés de reconnaissance e eptio elles des a ides u l i ues p se t aussi ie su les i s d'ADN ue su les ol ules de t ia la i es, o ues pou s'auto-assembler en nano-cables supramoléculaires hautement conducteurs.

2) Résultats et discussions

Au sein du laboratoire, notre équipe a mis en évidence que les composés TAAs mono-et tris-su stitu s pouvaie t o dui e à l'o te tio de st u tu es auto-assemblées respectivement multi-et mono-colonnaires de par la coopérativité de diverses interactions non-covalentes (liaisons hydrogènes, Resume 159 interactions π-π, phénomène de transfert de charge). [6,9] Ainsi, nous avons envisagé la synthèse de dérivés TAAs mono-et tris-substitués par des bases nucléiques telles que la guanine (G), la thymine (T), la cytosine (C) ou l'a et l tosi e aC , situ es e out de haines latérales (Figure 2). Nous avo s e suite tudi l'auto-assemblage de ces molécules dans les solvants chlorés par diverses expériences de spectrocopie (RMN, UV-Vis-NIR et fluorescence), qui sont les techniques couramment utilisées pour démontrer l'auto-assemblage des dérivés TAAs. [6,9] Parmi les huit molécules décrites en Après protection de la fonction imide sur le résidu thymine, les fonctions 

3) Conclusion générale

Au cours de ce travail, nous avons synthétisé deux séries de molécules produire des nanomatériaux fonctionnels. [START_REF] Busseron | Giuseppone Synthesis and Self-assembly of Triarylamine-Nucleobase Conjugates 2016 INDO-FRENCH CONFERENCE "Functional polymers and self-assembled systems[END_REF] Qing CAO Synthesis and self-assembly of triarylamines modified with nucleobases

Résumé

Les triarylamines sont de petites molécules largement utilisées comme porteurs de charges dans le domaine de l'électronique organique, car elles présentent des mobilités de transport de trous élevées. En 2010, notre groupe a démontré pour la première fois que les molécules de triarylamine décorées avec des groupements amide subissent une polymérisation supramoléculaire. D'autre part, les propriétés de reconnaissance des résidus de nucléobases ont été largement utilisées au cours des 25 dernières années pour déclencher des processus d'auto-assemblage de polymères ou de petites molécules en polymères supramoléculaires bien définis.

Dans cette thèse, une série de molécules triarylamine décorées avec des amides sur leurs chaînes latérales avec différentes nucléobases comme la guanine, la thymine et la cytosine ont été synthétisées. Nous avons démontré que les monomères de triarylamine conservent leurs propriétés d'auto-assemblage dans les solvants chlorés lors de l'irradiation lumineuse, à condition que le résidu de la nucléobase n'affecte pas les interactions non covalentes nécessaires pour l'auto-assemblage du coeur de triarylamine. En outre, nous avons démontré que la présence d'amines primaires sur le résidu de la nucléobase interdit la formation de structures auto-assemblées dès qu'elles ne sont pas incorporées dans des réseaux de liaisons hydrogène. Dans un deuxième chapitre, nous avons ensuite étudié les auto-assemblages de nos molécules triarylamine-nucléobase dans des solvants organiques en utilisant des ions ou de petites molécules comme matrice. Tout d'abord, la polymérisation supramoléculaire de la triarylamine-monothymine à l'aide de mélamine dans divers solvants a été étudiée. Par ailleurs, l'influence sélective des ions de mercure sur les propriétés sensibles légères de triarylamine-monothymine a été soigneusement analysé. Enfin, les polymères supramoléculaires hybrides de triarylamine-monoguanine conjugué en absence et en présence d'ions potassium ont été obtenus. En particulier, nous avons décrit le premier exemple de polymères supramoléculaires construits à partir de mélamine dans des solvants organiques.

Dans l'ensemble, l'impact de ce travail est triple: a) il conduit à une meilleure compréhension du comportement d'auto-assemblage des conjugués de triarylamine, b) il influence la conception des structures de triarylamine autoassemblées et c) il offre de nouvelles approches pour l'auto-assemblage des molécules de triarylamine.

Résumé en anglais

Triarylamines are small molecules widely used as charge carriers in the field of organic electronics as they display high hole-transport mobilities. In 2010, our group demonstrated for the first time that chemically-tailored triarylamine amide molecules undergo supramolecular polymerization. On the other hand, the recognition properties of nucleobase residues have been widely used in the last 25 years to trigger self-assembling processes of polymers or small molecules into well-defined supramolecular polymers.

In this thesis, a series of triarylamine amide molecules decorated on their side chains with various nucleobases such as guanine, thymine and cytosine have been synthesized. We have demonstrated that the triarylamine monomers retain their self-assembling properties in chlorinated solvent upon light irradiation, provided that the nucleobase residue does not affect the non-covalent interactions necessary for the self-assembly of the triarylamine core. In addition, we have demonstrated that the presence of primary amines on the nucleobase residue prohibit the formation of self-assembled structures, as soon as they are not embedded in hydrogen bonding arrays. In a second chapter, the templated self-assemblies of our triarylamine-nucleobase molecules in organic solvents were studied. Firstly, templated supramolecular polymerization of triarylamine-monothymine using melamine in various solvents was investigated. Besides, selective influence of mercury ion on the light responsive properties of triarylamine-monothymine was analyzed carefully. At last, hybrid supramolecular polymers of triarylamine-monoguanine conjugate in absence and in presence of potassium ion were obtained. In particular, we have described the first example of supramolecular polymers build from melamine in organic solvents.

Overall, the impact of this work is three-fold: a) it leads to a better understanding of the self-assembly behavior of triarylamine conjugates, b) it influences the design of self-assembling triarylamine structures and c) it offers new approaches for the self-assembly of triarylamine molecules.

2 . 1 .

 21 Melamine-templated self-assembly of TAMT _________________________________________ a. Synthesis and characterization of the melamine-TAMT complex _____________________ b. Characterization of the light-triggered self-assembly of the melamine-TAMT complex ____ c. Morphological studies of the melamine-TAMT complex in various solvents ____________ d. Discussion ________________________________________________________________ 3. Mercury-templated self-assembly of TAMT __________________________________________ a. Spectroscopic characterizations ______________________________________________ b. Discussion ________________________________________________________________ 4. Potassium-templated G-quartet formation __________________________________________ aGeneral procedures _____________________________________________________________ a. Solvents and chemical reagents ______________________________________________ b. Chromatographic methods __________________________________________________ c. Analytical methods and instruments ___________________________________________ 2. Synthesis and characterizations of compounds _______________________________________ N, N-bis(4-nitrophenyl)benzene-1,4-diamine (1) ___________________________________ N, N-bis(4-aminophenyl)benzene-1,4-diamine (2) __________________________________ N-(4-{bis[4-(6-bromohexanamido)phenyl]amino}phenyl)-6-bromohexanamide (3) ________ TATG-1 (4) __________________________________________________________________ N-(4-{bis[4-(2-bromoacetamido)phenyl]amino}phenyl)-2-bromoacetamide (5) ___________ TATG-2 (6) __________________________________________________________________ TATT (7) ____________________________________________________________________ TATC (8) ____________________________________________________________________ 1-(benzyloxy)-4-iodobenzene (9) ________________________________________________ 4-(benzyloxy)-N-[4-(benzyloxy)phenyl]-N-(4-nitrophenyl)aniline (10) ___________________ N-(4-{bis[4-(benzyloxy)phenyl]amino}phenyl)-6-bromohexanamide (11) ________________ TAMG (12) __________________________________________________________________ TAMT (13) __________________________________________________________________ TAMaC (14) _________________________________________________________________ TAMC (15) __________________________________________________________________ TAMUpy (16) ________________________________________________________________ TAMT-Boc (17) ______________________________________________________________ Compound 18 _______________________________________________________________ PEG4-TAMT 19 ______________________________________________________________ 5-methyl-1-pentylpyrimidine-2,4(1H,3H)-dione (20) ________________________________

Figure 1 |

 1 Figure 1 | Different non-covalent interactions for the construction of supramolecular polymers: A) multiple hydrogen bonding, B) metal coordination, C) π-π stacking, D) host-guest interaction. Reproduced from reference 4 .

Figure 2 |

 2 Figure 2 | Hydrogen bonding modules with multiple bonds. (A) Triple, (B) quadruple, and (C) sextuple hydrogen bond motifs. Reproduced from reference 6 .

Figure 3 |

 3 Figure 3 | (a) Chemical structure of a polymer based on two ureidopyrimidinone termini. (b) Adaptive properties of bulk polymers based on Upy. (c) Schematic representation of a polymeric structure based on self-complementary UPy motifs. (d) Molecular model of a self-complementary UPy binding unit. Reproduced from reference 14 .

  and Duan 66 synthesized MOFs from 4,4',4''-tricarboxyltriphenylamine and Zn(NO 3 ) 3 •6H 2 O in the presence of a chiral pyrrolidine-2-ylimidazole derivative (Figure 12B).

Figure 12 |

 12 Figure 12 | (a). Chemical structure of A-π-D-π-A type triphenylamine carboxylic acid and its (i) morphologies prepared from THF -H 2 O; (ii) Crystal structure and intermolecular interactions with the atom numbering scheme and the two-dimensional architecture was connected by O-H…O(red) hydrogen bonds and C-H…C weak interactions at a distance of 2.865 Å. (b). Schematic representation of the molecular structures (left) of Zn-BCIP1 and deprotected forms Zn-PYI1, showing the photosensitizer, 4,4 ,4 -Nitrilotribenzoic Acid (Red or Simply Drawn as Block Red Bars), and the chiral organocatalytic moiety, L-or D-Proline derivatives (Blue) together with crystal structure (right) of the multifunctional framework Zn-BCIP1 showing the packing pattern of these layers (top) and the simulated structure of Zn-PYI1 obtained by thermolytic expulsion of the Boc moieties (bottom), showing the enlargement of the porous MOFs within the channels. The cyan, red, blue, gray, and green balls represent the Zn, O, N, and C atoms and Boc moiety, respectively. Adapted from references 66,67

  a

  Figure 13A(i), a mono-amide triarylamine tailored with two octyl ether chains on the phenyl moieties, which was synthesized by a modified one-step Ullmann coupling reaction as key step, displays all the expected set of 1 H NMR signals after purification by column chromatography. Upon 68 Lu, C. C. & Su, S. K. Gelation of a highly fluorescent urea-containing triarylamine derivative:N,N,N ′,N ′-tetrakis (p-octadecylureido-phenyl)-p-phenylenediamine in organic solvents. Supramol. Chem. 21, 547-554 (2009). 69 Han, J.-M. et al. radiation induced self-assembly of fluorescent molecules into nanofibers: a stimuli-responsive sensing. J. Mater. Chem. C 3, 4345-4351 (2015).
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Figure 17 |

 17 Figure 17 |(a). Chemical formula of TATA.(b). Side view (i) and top view (ii) of the proposed stacking structure of TATA, as obtained from DFT calculations, and with a longitudinal periodicity of 29.1 Å, a nitrogen-nitrogen. (c). Freeze-fracture TEM image of this TATA derivative showing its native form in chloroform.(d, e). AFM imaging of TATA at the micrometer scale(d) and at the nanometer scale for a single fiber (e) obtained from a chloroform solution drop cast on mica. Adapted from reference 80.

Figure 18 | 2 )

 182 Figure 18 | Effect of light irradiation on TATA self-assemblies. (a, b). Sequential absorbance spectra taken during light irradiation (with a halogen lamp; 10 W.cm -2 ) of a 0.1 mM solution of TATA in CHCl 3 ; (a) first 6 min of light irradiation, (b) from 7 to 73 min of light irradiation. (c). SAXS of nonirradiated (dotted line) and irradiated (full line) thin films demonstrating a 49% increase in the correlation length (calculated as 4π/fwhm). d. I-V curves before and after light-induced fibers formation of TATA in a mixed solvent system of 5:3 methanol:toluene +5 vol % tetrachloroethane. (e, f). Effect of light on the self-healing of TATA gel as imaged by AFM. AFM height images of TATA obtained from chloroform samples (20 mg/mL) drop cast on mica. Irradiation times under vapors of chloroform (with a halogen lamp; 10 W.cm

  to correspond to the presence of an intermolecular through-space charge

Figure 19 |

 19 Figure 19 | Illustrations of Watson-Crick, Hoogsteen and wobble base pairs, as well as a series of homodimers assembled through two-point H-bonding interactions. Reproduced from reference 90.

Figure 19 ,

 19 guanine offers the possibility to self-recognize due to the presence of three hydrogen bond acceptors A (N and C=O) and three hydrogen bond donor D groups (N-H) on its scaffold.91 , 92 For instance, while G-G N1 and G-G N3-Amino homodimers result from the self-complementarity of DA motifs on the Watson-Crick and the minor groove face respectively, G-G N7-N1 homodimer originates from the complementarity of a DD motif on the Hoogsteen face and an AA motif on the Watson-Crick one. Importantly, in these homodimers, some faces remain accessible for further hydrogen bond interactions with other guanine residues thus potentially giving rise to extended polymeric arrays (Figure20). While G-Ribbon I arises only from G-G N7-N1 homodimers, G-Ribbon II originates from a combination of G-G N1 and G-G N3-Amino homodimers and 2D network are obtained via a combination of the three possible dimeric structures (Figure20A,C).

Figure 20

 20 are accessible by fine-tuning the structure of guanosine derivatives and/or by adjusting external parameters such as solvent, concentration, etc. which are known to affect non-covalent interactions.91 Davis, J. T. & Spada, G. P. Supramolecular architectures generated by self-assembly of guanosine derivatives. Chem. Soc. Rev. 36, 296-313 (2007). 92 Lena, S., Masiero, S., Pieraccini, S. & Spada, G. P. Guanosine Hydrogen-Bonded Scaffolds: A New Way to Control the Bottom-Up Realisation of Well-Defined Nanoarchitectures. Chem. -A Eur. J. 15, 7792-7806 (2009). 93 Gellert, M., Lipsett, M. N. & Davies, D. R. Helix Formation By Guanylic Acid. Proc. Natl. Acad. Sci. 48, 2013-2018 (1962).

Figure 20 |

 20 Figure 20 | (a, b). Guanine-containing molecules can form a variety of different self-assembled motifs, including (i) G-ribbon I, (ii) G-ribbon II and (b) the G4-quartet. (c). These ribbons (middle ribbon is blue for differentiation) are stabilized through additional inter-tape hydrogen bonds (shown in red). Reproduced from reference 94.

) 101 Figure 21 |

 10121 Figure 21 | (a). Chemical structure of guanine derivative compound. (b). The proposed structures of self-assembled G-quartets and G-ribbons. (c). CD spectral changes of the gel formed by 1 in acetonitrile (0.1 M) upon addition of 0, 1/3, 1, 3, 9, 12.3 to 19 equivalent volumes of acetonitrile. (d). SEM images of T-xerogel (scale bar 10 µm). e. Powder X-ray diffraction patterns of xerogel of 1 from CH 3 CN at room temperature. Adapted from reference 102.The group of Araki had an important contribution for the design of self-assembled systems based on alkylsilylated guanosine and deoxyguanosine derivatives, which mostly

Figure 22 |

 22 Figure 22 | (a). Structures of the alkylsilylated derivatives of guanosine. (b). Their 2D hydrogen-bonding pattern. (c). The film structure. d-e. The vesicles were prepared by the thin-film method: (d). DIC image, e. microscopy (upper half) and fluorescence (lower half) images of the vesicles containing eosin Y ( abs = 524 nm,  fl = 544 nm). f. The AC-mode AFM images of the vesicles prepared by the thin-film method. Height profiles along the lines within the images are shown under each image. Vesicles under ambient conditions observed with the default setting (maximum applied force: 2.3 nN). Adapted from reference 106.

Figure 24 | 1 ;

 241 Figure 24 | (a). Chemical structures of the heterotelechelic oligomers, Thy-PPO-X-DAT. b-c. Concentration-dependent specific viscosity of 50/50-M-2200 (50: 50 mixtures of Thy-PPO-2200-Thy and DAT-PPO-2200-DAT) at 20 ºC in chloroform: (b). Viscosity model for an isodesmic supramolecular polymerization into linear chains with an association constant of 1000 L.mol -1 ; (c). Viscosity model for colloidal supramolecular polymers. (d). Heterotelechelic oligomer Thy-PPO-2200-DAT solution mesoscopic organization: (i) in DMSO, (ii) in chloroform, (iii) in toluene. Reproduced from reference 114.

  d

Figure 25 |

 25 Figure 25 | (a). Molecular structure and proposed simulated model for self-organized nanofibers (one helix in blue, the other in yellow, ∼15-nm-long fiber as obtained through several MM simulations cycles of the superstructure): at first, the self-assembly occurs through H-bonding between the complementary modules in a helix-type arrangement, which is right-handed for [(R)-1•2]n, followed by a self-interdigitation of the single helices yielding double helix nanofibers. As observed by SAXS analysis in solution and AFM images on surfaces, it is envisaged that the individual nanofibers are organized into the final superhelical nanofibers by a possible three-step mechanism based on the formation of a tape structure (i) that will eventually twist into a single helical tape (ii) and finally dimerize into the final nanofibers structure (iii) observed by TEM and AFM. b-d. TEM images the morphologies obtained from (b-c) a drop-casted CHCl 3 solution of [(R)-1•2] (c = 1.3 × 10 -3 M) and (d) a drop-casted cyclohexane/THF (95 : 5, v/v) solution of [(R)-1•2] (c = 1.7 × 10 -3 M) on a carbon-coated grid. (e). Tapping mode-AFM image of a drop-casted cyclohexane/THF (95 : 5, v/v) solution of [(R)-1•2] (c = 1.7 × 10 -3 M) on a carbon-coated on a mica surface. Adapted from reference 117.

Chapter 4 :

 4 Templated self-assemblies involving nucleobase units

  added to this macrocyclic molecule in water, CD experiments showed the appearance of a positive Cotton effect in the amide region, suggesting the formation of G-quartet into G-quadruplexes, which further drives the self-assembly of peptidic nanotubes. Such hierarchical organization of the macrocyclic molecules were confirmed by TEM imaging, which showed the presence of well-defined nanotubular structures with lengths up to 10 µm and widths estimated to 4.8 nm (corresponding to the diameter of a tetrameric arrangement of the single molecules) by electron diffraction (Figure26B-D). This example demonstrates how preorganization at the molecular scale is important to reach hierarchical supramolecular structures at the microscopic scale.

Figure 26 |

 26 Figure 26 | (a) Schematic illustration of the self-assembling process from dispersed cyclic peptide guanine molecule to (i) quadruplication via G-quartet, (ii) seed formation of a quadruple peptide-nanotube bundle, and (b) nanofibrous assembly as shown by TEM image in the presence of potassium ions. (c) Schematic illustration of the diameter of a quadruple peptide-nanotube bundle. (d) Electron diffraction pattern obtained from the aligned fibrous assembly. Adapted from reference 135.
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 4 Templated Self-assemblies Involving Nucleobase units Furthermore, the group of Davis, who had a strong contribution to the field,94 demonstrated that small aromatic molecules can be used to enhance the stability of these hydrogels by enabling the polymerization of G-quartets into long supramolecular polymers, leading to increased rheological and healing properties.136 Such G-quartet-based hydrogels have found numerous applications such as drug release, 137 ion-channels,138 or even light-harvesting antenna.139 However, examples related to the formation of G-quadruplex architectures in organic solvents are more limited, mainly focusing on the design of lipophilic guanosine derivatives.140,141,142,143 In 2009, the group of Meijer reported a very fundamental study which demonstrated the influence of molecular design, solvent polarity and cation-anion distances in the formation of G-quadruplexes of well-defined dimensions.144 Overall, they showed that large G-quadruplexes are favored by(a) high solvent polarity (except for solvents competing for hydrogen bond interactions), due to a more efficient solvatation of the dissociated anion;(b) least coordinating anions such as iodine, picrate or hexafluorophosphate ions; and(c) 

Figure 27 |

 27 Figure 27 | (a-b). Schematic representation of self-assembly of G Si (a) in the absence of K + and (b) in the presence of K + . (c-e). SEM images of (c) the G-dimer hybrid in the absence of K + after calcination (scale bar: 2 µm); (d) G-quadruplex hexagonal nanorods resulting from sol-gel transcription in the presence of K + (scale bar: 429 nm); (e) silica nanofibers and microsprings after calcination (scale bar: 1.67 µm). Adapted from reference 145.

  second level of organization in G-quadruplexes.

Figure 28 |

 28 Figure 28 | a. (i) Molecular structure of the distyrylanthracene (DSA-T 2 ) derivative and (ii) design rationale for the Hg 2+ chemosensor. b. TEM image of DSA-T 2 (1.16  10 -5 M) in CH 3 CN-H 2 O (3 : 2, v/v) after addition of Hg(NO 3 ) 2 (1  10 -4 M). c. Fluorescence spectra of DSA-T 2 (1.16  10 -5 M) in CH 3 CN-H 2 O (3 : 2, v/v) with increasing amounts of Hg 2+ ,  ex = 420 nm. d. Normalized fluorescence intersity (I 521nm ) of DSA-T 2 (1.16  10 -5 M) in CH 3 CN-H 2 O (3 : 2, v/v) in the presence of different metal ions (7  10 -5 M). Reproduced from reference 151. 148 Liu, X., Qi, C., Bing, T., Cheng, X. & Shangguan, D. Highly Selective Phthalocyanine-Thymine Conjugate Sensor for Hgβ+ Based on Target Induced Aggregation. Anal. Chem. 81, 3699-3704 (2009). 149 Luo, X. et al. Novel thymine-functionalized MIL-101 prepared by post-synthesis and enhanced removal of Hg2+ from water. J. Hazard. Mater. 306, 313-322 (2016). 150 Kim, H. N., Ren, W. X., Kim, J. S. & Yoon, J. Fluorescent and colorimetric sensors for detection of lead, cadmium, and mercury ions. Chem. Soc. Rev. 41, 3210-3244 (2012). 151 Ma, K., Li, X., Xu, B. & Tian, W. A sensitive and selective 'turn-on' fluorescent probe for Hg 2+ based on thymine-Hg 2+-thymine complex with an aggregation-induced emission feature. Anal. Methods 6, 2338-2342 (2014).

Figure 29 |

 29 Figure 29 | a. Molecular structure of triarylamine-barbituric acid derivative M1 and its proposed aggregation with mercury. b-c. SEM images of M1 (5  10 -5 M) in THF-water (3 : 7, v/v) (b) before and (c) after the addition of Hg 2+ (1  10 -4 M). Reproduced from reference 155.Alternatively, barbituric acid residues, which present two imide faces reminiscent of thymine, have also been considered as potential candidates for mercury binding. 153,154,155 For instance, the groups of Shi 155 and Wang 153 independently reported the mercury sensing 152 Ma, X., Sheng, Z. & Jiang, L. Sensitive naked-eye detection of Hg( 2+ ) based on the aggregation and filtration of thymine functionalized vesicles caused by selective interaction between thymine and Hg(2+). Analyst 139, 3365-3368 (2014). 153 Wang, J., Zhang, L., Qi, Q., Li, S. & Jiang, Y. Specific ratiometric fluorescent sensing of Hg 2+ via the formation of mercury(ii) barbiturate coordination polymers. Anal. Methods 5, 608-611 (2013). 154 Wang, E. et al. Twisted intramolecular charge transfer, aggregation-induced emission, supramolecular self-assembly and the optical waveguide of barbituric acid-functionalized tetraphenylethene. J. Mater. Chem. C 2, 1801-1807 (2014). 155 Shi, W. et al. Barbituric acid-triphenylamine adduct as an AIEE-type molecule and optical probe for mercury( ii ). New J. Chem. 40, 7814-7820 (2016).

  properties of a barbituric acid moiety decorated with either a triarylamine or an anthracene unit respectively, owing to their aggregation-induced emission properties. Using a combination of optical spectroscopies (UV-Vis, Fluorescence, FTIR), Shi and coworkers demonstrated that compound M1 selectively binds to mercury even in the presence of competing metal ions in aqueous solutions (THF/water 3:7), potentially leading to a network due to the presence of two imide faces on barbituric acid (Figure29A). Finally, SEM imaging of solutions of M1 before and after addition of mercury acetate confirmed the formation of such network-like structures, as also evidenced by DLS experiments (Figure29B-C). This example demonstrates how molecules with imide faces can be used as selective recognition motifs for mercury and how their combination with optically-active synthons can lead to the formation of sensors.

  melamine (M), barbituric acid (BA) or cyanuric acid (CA), could be used to trigger the self-assembly of molecules or polymers decorated with nucleobase derivatives. Melamine, also known as 1,3,5-triazine-2,4,6-triamine, displays nine H-bonding sites arranged along three edges in a A-D-A array, which is thus complementary to thymine and uracil residues, and offers the possibility of secondary interactions by π-π stacking of its aromatic core.Cyanuric and barbituric acids, on the other hand, offers three or two D-A-D arrays respectively, which could be ideally matched to the minor groove face of guanine or, via 2 intermolecular interactions with adenine and cytosine Watson-Crick faces. The group of Whitesides pioneered studies on the self-assembly of melamine and cyanuric acid in the solid state, leading to the formation of various supramolecular architectures such as linear or crinkled tapes and cyclic hexameric rosette motifs, which can be precisely achieved by tuning the chemical structures of native M and CA.155,156,157 Indeed, one main problem associated with M, BA and CA molecules is their poor solubility in common organic solvents, thus fostering their studies at surfaces 158 or interfaces.159 Nevertheless, over the last decades, 156 Zerkowski, J. A., Seto, C. T. & Whitesides, G. M. Solid-state structures of rosette and crinkled tape motifs derived from the cyanuric acid melamine lattice. J. Am. Chem. Soc. 114, 5473-5475 (1992). 157 Zerkowski, J. A., MacDonald, J. C., Seto, C. T., Wierda, D. A. & Whitesides, G. M. Design of Organic Structures in the Solid State: Molecular Tapes Based on the Network of Hydrogen Bonds Present in the Cyanuric Acid.cntdot.Melamine Complex. J. Am. Chem. Soc. 116, 2382-2391 (1994). 158 Slater, A. G. et al. Thymine functionalised porphyrins, synthesis and heteromolecular surface-based self-assembly. Chem. Sci. 6, 1562-1569 (2015). 159 Xin, Y., Kong, X., Zhang, X., Lv, Z. & Du, X. Self-Assembly and Molecular Recognition of Adenine-and Thymine-Functionalized Nucleolipids in the Mixed Monolayers and Thymine-Functionalized Nucleolipids on Aqueous Melamine at the Air-Water Interface.

Figure 30 |

 30 Figure 30 | Schematic illustration of the self-assembly of thymidine-melamine complexes obtained for different ratio of thymidine and melamine monomers: (a) 3:1, (b) 1:1 and (c) 1:2 with (i) their proposed self-assembly patterns and (ii) SEM images of the corresponding xerogels. Adapted from reference 160.

Figure 31 |

 31 Figure 31 | Molecular structure of Nap-FFYGK-CA and possible molecular arrangements in self-assembled nanofibers of Nap-FFYGK-CA and in gels with different amounts of melamine. a-c. TEM images of (a) solution of Nap-FFYGK-CA and gels made of Nap-FFYGK-CA (a) with 2 equivalents and (c) 16 equivalents of melamine. Adapted from reference 161.

  hydrogen bonding abilities on the DNA backbone have led to the development of various templated strategies involving either positively charged small molecules or small molecules decorated with nucleobases.126 In the following sections, we will describe some selected examples related to these two templating approaches. a. DNA-templated self-assemblies without specific recognition DNA/RNA-templated organizations driven by electrostatic interactions are observed in biological systems, such as for the formation of the Tobacco Mosaic Virus. Inspired by these complex architectures, self-assembled structures involving electrostatic interactions between the negatively charged phosphodiester backbone and small molecules functionalized with positively charged units such as guanidinum167 , 168 or spermine 169 groups have been developed. For instance, the groups of Surin and Ulrich 168 studied the interaction of three guanidinium centered compounds with single strand DNA using a combination of optical spectroscopies (UV-Vis, fluorescence, circular dichroism) and mass spectrometry (Figure32).

Figure 32 |

 32 Figure 32 | (a). (i) Schematic representation of DNA-templated self-assembly with GuaBiPy, and the different types of intermolecular interactions: (ii) guanidinium-phosphodiester salt bridge and (iii) π-stacking with the pyrene moieties of two adjacent GuaBiPy. (b). UV-vis and (c). CD titration of dT 40 : GuaBiPy at various molar ratio. Reproduced from reference 168.

  Further UV-Vis and CD experiments as a function of concentration and temperature confirmed the right-handed helical arrangement of the OPV molecules in the low millimolar range and suggested that the transition from helical aggregated to non-helical ones occurs in a non-cooperative manner, which is different from what is actually observed for DNA molecules, respectively (Figure 33b). All these experiments suggested that the OPV molecules are inserted between two oligomeric dA 20 backbones and that the helical pitch corresponds to the pilling of around 170 OPV molecules.

Figure 33 |

 33 Figure 33 | (a). Proposed structure for the binary self-assembly of a 1:1 mixture of the OPV molecule and dA 20 . (b). AFM images for the binary self-assembly of a 1:1 mixture of the OPV molecule and dA 20 . (c). Temperature-dependent CD spectra of the binary self-assembly of a 1:1 mixture of the OPV molecule and dA 20 in buffer solutions. Reproduced from reference 176.

Figure 34 |

 34 Figure 34 | (a). (i) Molecular structure and hydrogen bonding between porphyrin-diaminopurine conjugate NiPor-DAP and thymidine; (ii) Representation of the right-handed DNA-templated multiporphyrin nanoassembly. (b). TEM images of right-handed fibrils of NiPor-DAP:dT40 nanoassemblies in bright field and dark field modes, grey scale cross-section of the nanowire (inset) and model representation of the NiPor-DAP:dT 40 nanoassembly and its side-to-side self-assembly into a nanowire (dT 40 in red and NiPor-DAP in black). (c). UV-vis spectra of NiPor-DAP:dT40 nanoassemblies before (red) and after (blue) dialysis at 20 C (red) and 85 C (blue). Reproduced from reference 169.

Scheme 1 |

 1 Scheme 1 | Synthesis of MonoTriaryalmine-nucleobase conjugates TAMG (12), TAMT (13), TAMaC (14) and TAMC (15).

Figure 47 |

 47 Figure 47 | TEM image of the 1:1 TAMG/TAMC complex in chloroform solution upon light irradiation for one hour (Scale bar: 1 µm).

Figure 54|

 54| Figure 54| TEM images of the TAMT-melamine complex after light irradiation for 1 hour (10 mM solution in chloroform, Scale bar: 1µm)Although images are not very clear due to the presence of organic matter at their surface, we could observe clusters of short fibers with lengths comprised between 200 and 400 nm.

Figure 61|

 61| Figure 61| TEM images of the TAMT-melamine complex in toluene at concentrations lower than the gelation concentration: 20 mM (A,B), 10 mM (C,D). (Scale bar: A-C: 1µm; D: 200 nm)

1 H 1 H

 11 NMR spectra of CDCl 3 solutions of (i) TAMT + 0.5 equiv. of HgCl 2 after light irradiation for 1 hour, (ii) TAMT after light irradiation for 1 hour, (iii) TAMT + 0.5 equiv. of HgCl 2 before irradiation and (iv) TAMT before irradiation. B. Enlarged (8.8-6.6 ppm) NMR spectra from the A panel.

  First, we compared the light-induced UV-Vis-NIR response of 0.1 mM chloroform solutions of TAMT and TAMT-Hg(II) complex (Figure 64). As shown on Figure 64B, a new absorption band at 782 nm appeared for the TAMT-Hg(II) complex upon light irradiation, which indicates the production of localized triarylammonium radical cations. Interestingly, compared to pure TAMT, this band is

Figure

  Figure 65|A. UV-vis-NIR spectra of BATA for increasing irradiation times. B. UV-vis-NIR spectra of BATA-Hg(II) mixture for increasing irradiation times. C-D. Evolution of the absorbance at C. 782 nm for TAMT-Hg(II) complex (red dots), 788 nm for BATA-Hg(II) mixture (red triangle) and 782 nm for TAMT (black square) and for BATA (black triangle) and D. at 382 nm nm for TAMT-Hg(II) complex (red dots), BATA-Hg(II) mixture (red triangle), TAMT (black square) and BATA (black triangle) as a function of irradiation time (c = 0.1 mM in chloroform).

Figure

  Figure 66|A. UV-vis-NIR absorbance spectra of a light-irradiated solution of TAMT upon the addition of mercury (0-1 eq.). B. UV-vis-NIR absorbance spectra of pure TAMT and TAMT mixed with different metals (0.5 equivalent) (c = 0.1 mM in chloroform).

  scat t ering Small angle/Middle angle/Wide angel X-ray scattering (SAXS/MAXS/WAXS) experiments were performed at the Institut Charles Sadron by using a diffractometer developed by Molecular Metrology (Elexience in France), and a Nanostar diffractometer from Bruker-Anton Paar. Both instruments operate with a pinhole collimation of the X-ray beam and a two-dimensional gas-filled multiwire detector. For the Elexience diffractometer, a monochromatic ( = 1.54 Å with Dl/l < 4 %) and focused X-ray beam is obtained through a multilayer optic designed and fabricated by Osmic. For the Nanostar, a monochromatic and almost parallel X-ray beam (divergence better than 0.03°) is obtained through a confocal mirror with advanced W/Si multilayer coating from Xenocs. The size of the incident beam on the sample was close to 600 and γ00 m for the Elexience and Nanostar diffractometers,

  p rep arat ion of t he TAMT-m elam ine com p lex A solution of TAMT (10.0 mg, 14.4 mmol) and melamine (1.82 mg, 14.4 mmol) in acetone (1.0 mL) was heated in the microwave at 90 ºC for 1 h. After the reaction finished, the solution was filtered and then used for further investigation.A solution of TAMT (20.0 mg, 28.8 mmol) and melamine (1.21 mg, 9.60 mmol) in acetone (2.0 mL) was heated in the microwave at 90 ºC for 1 h. After the reaction finished, the solution was filtered and then used for further investigation.

  p rep arat ion of t he TAMT-m ercury comp lex Mercury (II) chloride (5.43 mg, 0.02 mmol) was dissolved in chloroform (5.0 mL) and stirred for aoround 24 hours, resulting in a 4 mM HgCl 2 solution. TAMT (5.56 mg, 8 mmol), BATA (4.12 mg, 8 mmol), compound 10 (4.02 mg, 8 mmol) or compound 20 (1.57 mg, 8 mmol) were dissolved by the mercury solution (1.0 mL, 4 mmol).

  R f = 0.4 (dichloromethane/cyclohexane: 3/1) 1 H NMR (CDCl 3 , 400 MHz, 25 °C): δ = 8.12 (d, J = 9.2 Hz, 4H), 7.13 (d, J = 9.2 Hz, 4H), 6.98 (d, J = 8.6 Hz, 2H), 6.79 (d, J = 8.6 Hz, 2H), 4.52 (brs, 2H).

13 C

 13 NMR (CDCl 3 , 101 MHz, 25 °C): δ = 152.2, 146.1, 142.4, 135.2, 129.1, 125.6, 121.6, 116.6. MS (ESI+): m/z calcd. for C 18 H 14 N 4 O 4 : 351.11 [M+H] + , found: 351.33.N, N-bis(4-aminophenyl)benzene-1,4-diamine (2)2A solution of compound 1 (490.5 mg, 1.40 mmol) and tin dichloride (354 mg, 15.7 mmol) in a mixture of acetonitrile (23.0 mL) and ethanol (19.0 mL) was stirred overnight under reflux (80 °C). After that time, the solution was cooled down to room temperature and diluted with dichloromethane (100 mL). The organic phase was washed with Na 2 CO 3 (2 × 100 mL) and TATG-1 (4)

1 H NMR (d 7 -

 7 DMF, 400 MHz, 25 °C): δ = 9.87 (s, 3H), 7.74 (s, 3H), 7.62 (d, J = 8.9 Hz, 6H), 6.96 (d, J = 8.9 Hz, 6H), 6.64 (s, 6H), 4.03 (t, J = 7.1 Hz, 6H), 2.38 (t, J = 7.3 Hz, 6H), 1.84 (tt, J = 7.4, 7.4 Hz, 6H), 1.71 (tt, J = 7.5, 7.5 Hz, 6H), 1.42 -1.32 (m, 6H).

13 C NMR (d 6 -

 6 DMSO, 101 MHz, 25 °C): δ = 170.7, 162.3, 156.5, 153.6, 151.0, 142.7, 137.4, 134.2, 123.6, 120.3, 42.7, 36.1, 29.2, 25.6, 24.6 MS (ESI+): m/z calcd. for C 51 H 57 N 19 O 6 : 1032.48 [M+H] + , found: 1032.45.

  R f = 0.2 (dichloromethane/ethyl acetate: 1/1) 1 H NMR (d 6 -DMSO, 400 MHz, 25 °C): δ = 10.30 (s, 3H), 7.51 (d, J = 8.9 Hz, 6H), 6.95 (d, J = 8.9 Hz, 6H), 4.23 (s, 6H).

13 C NMR (d 6 -

 6 DMSO, 101 MHz, 25 °C): δ = 164.3, 143.2, 133.5, 123.9, 120.7, 43.5. MS (ESI+): m/z calcd. for C 24 H 21 N 4 O 3 Br 3 : 651.92 [M+H] + , found: 651.93. TATG-2 (6)

1 H

 1 NMR (CD 3 OD, 400 MHz, 25 °C): δ = 7.44 -7.39 (m, 9H), 6.96 (d, J=8.8 Hz, 6H), 3.73 (t, J = 7.2 Hz, 6H), 2.37 (t, J = 7.3 Hz, 6H), 1.85 (d, J = 1.0 Hz, 9H), 1.78 -1.68 (m, 12H), 1.45 -1.37 (m, 6H).

1 H

 1 NMR (CD 3 OD, 400 MHz, 25 °C): δ = 8.51 (brs, 3H), 7.56 (d, J = 7.2 Hz, 3H), 7.41 (d, J = 8.9 Hz, 6H), 6.96 (d, J = 8.9 Hz, 6H), 5.82 (d, J = 7.2 Hz, 3H), 3.78 (t, J = 7.2 Hz, 6H), 2.36 (t, J = 7.3 Hz, 6H), 1.74 (tt, J = 7.5, 7.5 Hz, 12H), 1.45 -1.36 (m, 6H).

13 C NMR (d 6 -

 6 DMSO, 101 MHz, 25 °C): δ = 170.7, 165.8, 155.7, 146.0, 142.6, 134.2, 123.5, 120.3, 92.9, 48.4, 36.1, 28.5, 25.5, 24.8. MS (ESI+): m/z calcd. for C 48 H 57 N 16 O 3 : 912.46 [M+H] + , found: 912.60.

1 H

 1 NMR (CDCl 3 , 400 MHz, 25 °C): δ = 7.56 (d, J = 8.8 Hz, 2H), 7.45 -7.30 (m, 5H), 6.76 (d, J = 8.8 Hz, 2H), 5.04 (s, 2H).

13 C

 13 NMR (CDCl 3 , 101 MHz, 25 °C): δ = 158.8, 138.4, 136.7, 128.8, 128.3, 127.6, 117.4, 83.2, 70.2.

  R f = 0.2 (pentane/diethyl ether: 5/1) 1 H NMR (CDCl 3 , 400 MHz, 25 °C): δ = 8.00 (d, J = 9.4 Hz, 2H), 7.47 -7.32 (m, 10H), 7.13 (d, J = 9.0 Hz, 4H), 6.98 (d, J = 9.0 Hz, 4H), 6.76 (d, J = 9.4 Hz, 2H), 5.07 (s, 4H).

  R f = 0.3 (cyclohexane/ethyl acetate: 3/1) 1 H NMR (d 6 -DMSO, 400 MHz, 25 °C): δ = 9.75 (s, 1H), 7.47-7.30 (m, 12H), 6.95 (d, J = 9.2 Hz, 4H), 6.91 (d, J = 9.1 Hz, 4H), 6.81 (d, J = 8.9 Hz, 2H), 5.05 (s, 4H), 3.54 (t, J = 6.7 Hz, 2H), 2.27 (t, J = 7.3 Hz, 2H), 1.82 (tt, J = 7.1, 7.1 Hz, 2H), 1.59 (tt, J = 7.4, 7.4 Hz, 2H), 1.45 -1.36 (m, 2H).

  R f = 0.2 (dichloromethane/methanol: 10/1) 1 H NMR (d 6 -DMSO, 400 MHz, 25 °C): δ = 10.50 (s, 1H), 9.75 (s, 1H), 7.68 (s, 1H), 7.45 -7.31 (m, 12H), 6.95 (d, J = 9.6 Hz, 4H), 6.91 (d, J = 9.2 Hz, 4H), 6.80 (d, J = 9.0 Hz, 2H) 6.42 (s, 2H), 5.05 (s, 4H), 3.92 (t, J = 7.1 Hz, 2H), 2.24 (t, J = 7.3 Hz, 2H), 1.80 -1.70 (m, 2H), 1.63 -1.54 (m, 2H), 1.29 -1.19 (m, 2H).

  R f = 0.3 (toluene/ethyl acetate: 1/4) 1 H NMR (CDCl 3 , 400 MHz, 25 °C): δ = 8.28 (s, 1H), 7.45-7.30 (m, 12H), 7.19 (s, 1H), 7.00 (d, J = 9.2 Hz, 4H), 6.92 (d, J = 8.9 Hz, 2H), 6.87 (d, J = 9.0 Hz, 4H), 5.02 (s, 4H), 3.71 (t, J = 7.3 Hz, 2H), 2.35 (t, J = 7.2 Hz, 2H), 1.91 (d, J = 1.1 Hz, 3H), 1.80-1.69 (m, 4H), 1.46 -1.39 (m, 2H).

1 H

 1 NMR (CD 3 OD, 400 MHz, 25 °C): δ = 7.55 (d, J = 7.2 Hz, 1H), 7.43 -7.30 (m, 12H), 6.95 (d, J = 9.1 Hz, 4H), 6.90 (d, J = 9.2 Hz, 4H), 6.85 (d, J = 8.9 Hz, 2H), 5.82 (d, J = 7.2 Hz, 1H), 5.04 (s, 4H), 3.77 (t, J = 7.3 Hz, 2H), 2.35 (t, J = 7.4 Hz, 2H), 1.77 -1.69 (m, 4H), 1.44 -1.36 (m, 2H).

13 C

 13 NMR (CD 3 OD, 101 MHz, 25 °C): δ = 174.

  R f = 0.25 (toluene/ethyl acetate: 4/1) 1 H NMR (CD 3 OD, 400 MHz, 25 °C): δ = 7.47 -7.30 (m, 11H), 7.01 (d, J = 9.0 Hz, 4H), 6.93 (d, J = 9.0 Hz, 4H), 6.86 (s, 4H), 5.05 (s, 4H), 3.73 (t, J = 7.3 Hz, 2H), 2.85 (t, J = 7.2 Hz, 2H), 1.87 (t, J = 1.0 Hz, 3H), 1.73 -1.66 (m, 4H), 1.56 (s, 9H), 1.41 (s, 11H).

1 H

 1 NMR (CD 3 COCD 3 , 400 MHz, 25 °C): δ = 8.24 (s, 2H), 7.54 (d, J = 1.2 Hz, 1H), 6.98 (d, J = 8.9 Hz, 4H), 6.88 (d, J = 9.0 Hz, 2H), 6.82 (d, J = 8.9 Hz, 4H), 6.78 (d, J = 9.0 Hz, 2H), 3.77 (t, J = 7.3 Hz, 2H), 2.91 (t, J = 7.2 Hz, 2H), 1.84 (d, J = 1.2 Hz, 3H), 1.76 -1.66 (m, 4H), 1.56 (s, 9H), 1.47 -1.41 (m, 2H), 1.40 (s, 9H).

1 H

 1 NMR (CD 3 OD, 400 MHz, 25 °C): δ = 7.42 (d, J = 1.2 Hz, 1H), 7.33 (d, J = 9.0 Hz, 2H), 6.95 (d, J = 9.0 Hz, 4H), 6.86 (d, J = 9.0 Hz, 4H), 6.84 (d, J = 9.0 Hz, 2H), 4.11 -4.08 (m, 4H), 3.84 -3.81 (m, 4H), 3.75 -3.61 (m, 22H), 3.56 -3.54 (m, 4H), 2.35 (t, J = 7.3 Hz, 2H), 1.84 (d, J = 1.1 Hz, 3H), 1.77 -1.68 (m, 4H), 1.46 -1.35 (m, 2H).

13 C

 13 NMR (CD 3 OD, 101 MHz, 25 °C): δ = 174.

1 H

 1 NMR (CD 3 COCD 3 , 400MHz, 25 °C): δ = 9.89 (brs, 1H), 7.41 (d, J = 1.1 Hz, 1H), 3.70 (t, J = 7.4 Hz, 2H), 1.81 (d, J = 1.1 Hz, 3H), 1.70 -1.62 (m, 2H), 1.36 -1.28 (m, 4H), 0.88 (t, J = 6.8 Hz, 3H).

13 C

 13 NMR (CD 3 COCD 3 , 101 MHz, 25 °C): δ = 164.9, 151.9, 141.9, 110.0, 48.6, 32.3, 26.9, 23.3, 14.4, 12.4. MS (ESI+): m/z calcd. for C 11 H 18 N 2 O 2 : 211.15 [M+H] + , found: 211.44.

Figure S7 |

 S7 Figure S7 | 1H NMR spectrs of the TAMT-melamine complex in chloroform recorded just after dissolution; after 1 day and after 17 and 29 days.

Figure S8 | 1 H

 1 Figure S8 | 1 H NMR spectrum of compound 10 after the addition of HgCl 2 in chloroform.

Figure 2 .Schéma 1 .

 21 Figure 2. Structures de triarylamines mono-et tri-substituées synthétisées au cours de ce travail de thèse.

Resume 161 Schéma 2 .

 1612 Voies de synthèse développées pour accéder aux triarylamines modifiées par trois bases nucléique sur la chaine latérale.

Figure 2 ,

 2 Figure 2, quatre composés (TATT, TAMG, TAMT, TAMaC) ont démontré les a a t isti ues t pi ues de la fo atio d'u auto-assemblage: a) disparition des signaux de RMN 1 H o espo da t au oeu TAA après irradiation lumineuse,

  nous avons étudié le comportement de la molécule TAMT en présence de mercure ou de mélamine et celui de la molécule TAMG en p se e d'io s potassiu e utilisa t u e combinaison de techniques spectroscopiques, microscopiques et de diffusion du rayonnement. Compte tenu de la taille de ce résumé, nous ne détaillerons que les résultats obtenus pour la molécule TAMT en présence de mercure. Cependant, nous avons pu observer que la triarylamine TAMT en présence de mélamine conduit à la formation d'un complexe ternaire (3 TAMT pour une molécule de mélamine), qui s'assemble en longues fibres rigides de plusieurs micromètres de long et d'environ 30 nanomètres de diamètre (Figure 4a). Par ailleurs, en ce qui concerne la molécule TAMG, des expériences de RMN du proton ont mis en évidence la formation d'un G-quartet lorsque cette molécules est mélangée avec le sel KPF 6 dans le toluène. Des études de microscopie électronique démontrent la formation d'objets fibrillaires flexibles enchevêtrés avec des longueurs de plusieurs dizaines de micromètres (Figure 4b).

Figure 4 .

 4 Figure 4. Images TEM de l'auto-assemblage des molécules a) TAMT en présence de mélamine dans le toluène et b) TAMG en présence de KPF 6 dans le toluène.

Schéma 3 .

 3 la molécule TAMT à interagir avec le mercure a principalement été analysée par spectroscopie d'absorption UV-Vis-NIR (Figure5). Nous avons tout d'abord titré une solution à 0.1 mM de TAMT dans le chloroforme avec des quantités croissantes de dichlorure de mercure et observé une augmentation de l'absorption à 280 nm, qui peut être considérée pour une signature de l'association entre l'atome de mercure et la fonction imide du dérivé thymine. Nous avons ensuite étudié le processus d'auto-assemblage induit par la lumière sur un mélange TAMT/HgCl 2 (2:1) dans le chloroforme. Les bandes d'absorption caractéristiques de l'auto-assemblage des triarylamines et de la présence de radicaux triarylammonium cations respectivement à environ 400 et 782 nm ont pu être observées, indiquant que la capacité d'auto-assemblage de TAMT n'est pas affectée par la présence de mercure. Par ailleurs, nous avons observé un déplacement hypsochrome de la bande d'absorption située dans le pro he i f a ouge 0 → et u e augmentation de l'intensité de la bande à 280 nm lorsqu'une solution préalablement irradiée a été titrée avec des quantités croissantes de HgCl 2 . Cette série d'expérience suggère que le mercure ne se lie pas uniquement au résidu thymine mais affecte également l'empilement des radicaux triarylammonium dans l'auto-assemblage. D'autres expériences sont en cours pour mieux comprendre ce phénomène. Resume 167 un tampon TE (pH 7.4, 10 mM tampon Tris buffer et 1 mM EDTA) et le processus de reconnaissance a été caractérisé par des techniques spectroscopiques telles que l'absorption UV-Vis et le dichroïsme circulaire. Cependant, aucun changement significatif n'a pu être observé pour ces différentes solutions. Nous pensons que la faible solubilité de nos dérivés dans les solvants polaires tels que l'eau interdit toute association avec des brins d'ADN mais aussi d'APN (acides peptido-nucléiques).Afin de palier à ces problèmes de solubilité en milieux aqueux ou fortement polaires, nous avons envisagé la synthèse d'une nouvelle molécule TAA-thymine, qui présente des chaines latérales de type oligo(éthylène glycol) en remplacement des groupements benzyles (4PEGTAMT, Schéma 2). La synthèse de cette molécule a été réalisé en quatre étapes à partir de la molécule TAMT selon la voie décrite sur le schéma 3. Voie de synthèse permettant l'obtention de la molécule 4PEGTAMT.

  déprotégées par hydrogènolyse des groupements benzyles. L'alkylation des unités phénols ainsi libérées par le composé tétra(éthylène glycol) p-toluènesulfonate disponible commercialement suivie de la déprotection de la fonction imide avec l'acide trifluoroacétique a permis l'obtention du composé 4PEGTAMT après purification par HPLC préparative en phase inverse. Les premières études sur cette molécule ont démontré sa solubilité accrue dans les solvants polaires (par rapport à TAMT) et mis en évidence que les chaines tétra(éthylène glycol) n'inhibent pas la formation d'auto-assemblage dans les solvants chlorés.

  hybrides triarylamine-base(s) nucléique(s) avec l'objectif de produire des nanostructures d'ADN conducteur par une nouvelle approche purement supramoléculaire. Cet objectif très ambitieux n'a, pour l'instant, pas été atteint mais nous espérons que les expériences encore en cours seront couronnées de succès. Par ailleurs, nous avons démontré que ces molécules hybrides triarylamine-base(s) nucléique(s) peuvent être utilisées pour produire de nouvelles structures auto-assemblées avec des propriétés fonctionnelles intéressantes. En utilisant une combinaison de techniques physico-chimiques, nous avons démontré la capacité de ces molécules à produire des dispositifs fonctionnels tels que les senseurs mais également à conduire à des Resume 169 morphologies nouvelles telles que des sphères micrométriques faites de nano-rubans entrelacés. Ce travail confirme l'importance du motif triarylamine comme nouvelle unité de structure en chimie supramoléculaire et sa capacité à
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Table 3| DOSY results of TAMT and TAMT-Hg in chloroform without irradiation

 3| 

		T (K)	D (m 2 /s)	Visq (Pa.s)	Gamma	R H (m)	V molecule (Å 3 )
	TAMT-Hg 298	5.20E-10	5.390E-4	1.47E-08	7.78E-10	1976
	TAMT	298	5.14E-10	5.390E-4	1.48E-08	7.87E-10	2046

  H NMR spectra were recorded on a Bruker Avance 400 spectrometer at 400 MHz and13 C spectra at 100 MHz. The spectra were internally referenced to the residual proton solvent signal (CDCl 3 : 7.26 ppm, CD 3 OD: 3.31 ppm, DMSO-d 6 : 2.50 ppm, DMF-d 7 : 8.03, 2.92 and 2.75 ppm, Toluene-d 8 : 7.09, 7.01, 6.97 and 2.08 ppm and CD 3 COCD 3 : 2.05 ppm for 1 H spectrum, and CDCl 3 : 77.16 ppm, CD 3 OD: 49.00 ppm, DMSO-d 6 : 39.52 ppm, Toluene-d 8 : 137.48, 128.87, 127.96, 125.13 and 20.43 ppm and CD 3 COCD 3 : 206.26 and 29.84 ppm for 13 C spectrum). For 1 H NMR assignments, the chemical shifts are given in ppm. Coupling constants J are given in

	Hz. Peaks are described as singlet (s), doublet (d), triplet (t), multiplet (m), broad (br), and
	broad singlet (brs).	). Microwave reactions were carried out with a single mode
	cavity Discover SP Microwave Synthesizer (CEM Corporation, NC, USA), producing Diffusion Order Spectroscopy (DOSY) NMR 197 was recorded on a Bruker Avance I
	continuous irradiation at 2455 MHz and equipped with simultaneous external air-cooling spectrometer at 500 MHz at the Service de Résonance Magnétique Nucléaire at the Faculté de
	system. Yields refer to spectroscopically purified ( 1 H NMR) homogeneous materials. Chimie.
	The hydrodynamic radius R H , also called as the Stokes radius is calculated from the
	b. Chromatographic methods measured diffusion coefficient D by the Stokes-Einstein equation: Thin Layer Chromatographies were performed using silica on TLC aluminium foils (silica R H =kT/6π D (1) gel matrix with fluorescent indicator 254 nm, thickness: 500 m, Sigma-Aldrich). In most cases, irradiation using a Bioblock VL-4C UV-Lamp (6W, 254 nm and/or 365 nm) as well as with R H : radius of molecule; : dynamic viscosity; D: diffusion coefficient.
	p-anisaldehyde, phosphomolybdic acid and Cerium ammonium molybdate stainings were used
	for visualization. Ultra Performance Liquid Chromatographies coupled to Mass Spectroscopy
	(UPLC-MS) were carried out on a Waters Acquity UPLC-SQD apparatus equipped with a PDA
	detector (190-500 nm, 80 Hz), using a reverse phase column (Water, BEH C 18 1.7 m, 2.1×50
	mm), the MassLynx 4.1 -XP software and a gradient (water-acetonitrile + 0.1% TFA) as eluent.
	Preparative Adsorption Flash Column Chromatographies were performed using silica gel (60
	Å, 230 -400 mesh, 40 -63 m, Sigma-Aldrich) or aluminium oxide 90 (standardized activity
	Π, 70 -230 mesh, Merck). Preparative High Performance Liquid Chromatographies coupled
	to Mass Spectroscopy (HPLC-MS) were performed using a Waters AutoPurify system
	equipped with a UV detector set at 300 nm, a 3100 mass spectrometer, reverse phase columns
	(Waters, Sun Fire Prep C 18 5.0 m, 19 × 150 mm; Waters, XBridge Prep C 18 5.0 m, 19 × 150
	mm) running with a water/methanol gradient as eluent (with 0.1% formic acid for the Sun
	Fire Prep C 18 , or 0.05% ammonia for the XBridge Prep C 18 ) and the MassLynx 4.1 -XP
	software.	
	c. Analytical methods and instruments
	i.	Nuclear Magnet ic Reson ance (NMR)

1 

1 H NMR (d 6 -DMSO, 400 MHz, 25 °C): δ = 10

  .32 (s, 3H), 7.87 (s, 3H), 7.47 (d, J = 8.9 Hz, 6H), 6.91 (d, J = 8.9 Hz, 6H), 6.47 (brs, 6H), 4.83 (s, 6H).

13 C

NMR (d 6 -DMSO, 101 MHz, 25 °C): δ = 164

  .9, 156.8, 153.6, 151.6, 143.0, 138.4, 133.6, 123.8, 120.5, 116.2, 45.4. MS (ESI+): m/z calcd. for C 39 H 33 N 19 O 6 : 864.30 [M+H] + , found: 864.66

TATT

(7) 

13 C NMR (d 8 -toluene/CD 3 OD 5:3, 101 MHz, 25 °C): δ = 173

  .3, 166.1, 152.3, 145.0, 142.0, 134.7, 125.0, 122.0, 110.8, 37.3, 29.2, 26.5, 25.8, 25.8, 12.3. MS (ESI+): m/z calcd. for C 51 H 60 N 10 O 9 : 957.46 [M+H] + , found: 957.79.

	TATC (8)

13 C NMR (CDCl 3 , 101 MHz, 25 °C): δ = 156

  .8, 154.1, 137.8, 137.7, 136.9, 128.6, 128.5, 127.9, 127.7, 125.7, 116.2, 114.5, 69.5. MS (ESI+): m/z calcd. for C 32 H 26 N 2 O 4 : 503.20 [M+H] + , found: 503.43.

	N-(4-{bis[4-(benzyloxy)phenyl]amino}phenyl)-6-bromohexanamide (11)

13 C NMR (d 6 -DMSO, 101 MHz, 25︒C): δ = 170

  .6, 154.1, 143.4, 141.0, 137.2, 133.4, 128.4, 127.8, 127.7, 125.1, 122.1, 120.3, 115.7, 69.5, 36.1, 35.0, 32.0, 27.2, 24.3. MS (ESI+): m/z calcd. for C 38 H 37 N 2 O 3 Br: 648.20 [M] + , found: 648.54.

TAMG

(12) 

13 C NMR (d 6 -DMSO, 101 MHz, 25 °C): δ = 170

  

	TAMT (13)
	.8, 156.9, 154.2, 153.5, 151.5, 151.2, 143.5,
	141.1, 139.2, 137.2, 133.3, 128.5, 127.9, 127.7, 125.2, 124.9, 122.1, 120.4, 115.8, 69.6, 34.4,
	30.5, 29.3, 24.7, 21.1.
	MS (ESI+): m/z calcd. for C 43 H 41 N 7 O 4 : 720.33 [M+H] + , found: 720.66

13 C NMR (CDCl 3 , 101 MHz, 25 °C): δ = 170

  

	.6, 163.9, 154.9, 150.9, 145.5, 141.6, 140.6,
	137.2, 131.6, 128.7, 128.1, 127.7, 125.9, 122.5, 121.2, 115.7, 110.9, 70.5, 31.1, 29.8, 28.8, 25.8,
	24.7, 12.5.

MS (ESI+): m

  /z calcd. for C 43 H 42 N 4 O 5 : 695.32 [M+H] + , found: 695.60. (100 mg, 0.15 mmol) in dimethylformamide (10.0 mL) was stirred at 60 °C overnight. After that time, the solution was concentrated under reduced pressure and then, distilled water (100 mL) was added. The resulting crude residue was filtered and washed several times with water (5 * 100 mL). Further purification by column chromatography (SiO 2 , cyclohexane → cyclohexane/ethyl acetate: 1/2) afforded compound 14 (60 mg, 54 %) as a

	TAMaC (14) A solution of acetylcytosine (63.8 mg, 0.46 mmol), potassium carbonate (70.7 mg, 0.46 mmol) 14 R f = 0.4 (cyclohexane/ethyl acetate: 1/2) 1 H NMR (CDCl 3 , 400 MHz, 25 °C): δ = 8.38 (d, J = 5.6 Hz, 1H), 7.98 (s, 1H), 7.75 (d, J = 5.5 Hz, 1H), 7.45 -7.29 (m, 12H), 7.12 (s, 1H), 7.00 (d, J = 8.8 Hz, 4H), 6.92 (d, J = 9.1 Hz, 2H), 6.87 (d, J = 8.7 Hz, 4H), 5.03 (s, 4H), 4.34 (t, J = 6.5 Hz, 2H), 2.36 (t, J = 8.3 Hz, 2H), 2.20 (s, and compound 11 white solid. 3H), 1.88 -1.76 (m, 4H), 1.54 -1.44 (m, 2H).

13 C

NMR (CD 3 COCD 3 , 101 MHz, 25 °C): δ = 171

  .6, 170.8, 166.0, 161.2, 160.7, 155.8, 145.2, 142.7, 138.6, 134.7, 129.4, 128.7, 128.5, 126.4, 123.4, 121.3, 116.6, 104.2, 70.9, 67.6, 37.7, 26.5, 26.2, 24.6, 24.5. MS (ESI+): m/z calcd. for C 44 H 43 N 5 O 5 : 722.33 [M+H] + , found: 722.60.

TAMC (15)

  1, 167.9, 159.1, 156.2, 147.5, 146.5, 142.9, 138.8, 133.4, 129.5, 128.8, 128.6, 126.9, 123.1, 122.6, 116.9, 95.6, 71.4, 37.5, 30.7, 29.8, 27.0, 26.4.

13 C NMR (CD 3 OD, 101 MHz, 25 °C): δ = 177

  .7, 163.6, 156.8, 154.2, 150.5, 149.8, 142.3, 138.8, 132.7, 129.9, 129.5, 128.9, 128.6, 127.8, 121.6, 117.0, 111.1, 87.7, 84.2, 71.4, 38.5, 30.9, 29.6, 28.1, 28.1, 27.7, 26.9, 25.6, 12.2. MS (ESI+): m/z calcd. for C 53 H 58 N 4 O 9 : 894.43 [M] + , found: 894.07.

	Compound 18

13 C NMR (d 6 -DMSO, 101 MHz, 25 °C): δ = 175

  .0, 161.2, 154.2, 152.6, 151.5, 148.1 , 139.3, 138.5, 130.1, 128.7, 127.3, 125.0, 117.7, 116.3, 108.1, 85.9, 82.4, 47.8, 34.4, 30.4, 27.4, 27.0, 21.0, 11.8. MS (ESI+): m/z calcd. for C 39 H 46 N 4 O 9 : 715.34 [M+H] + , found: 715.38.

	PEG4-TAMT 19

  z calcd. for C 45 H 62 N 4 O 13 : 867.44 [M+H] + , found: 867.16.

	1, 166.9, 156.3, 153.0, 146.6, 143.2, 142.9,
	133.3, 126.9, 123.0, 122.6, 116.6, 111.1, 73.7, 71.7, 71.7, 71.6, 71.4, 70.9, 69.0, 62.3, 37.5, 29.7,
	26.9, 26.4, 12.2. (One peak overlaps with the solvent peak).

MS (ESI+): m/

Table S1 |

 S1 NMR kinetics results for the formation of TAMT-Melamine complex at 60 °C

Heating time (h) 16H chemical shift Melamine chemical shift Inte 16H Inte mel Inte 5H,6H Inte 7H Inte 4H Inte 14H

  TableS2|NMR kinetics results for the formation of TAMT-Melamine complex at 90 °C

	Heating time	16H chemical	Melamine		Integration	Integration
		(min) 0.76 0	shift 9.731	0.86	4.00 chemical shift 5.932	16H 0.54	melamine 0
	1 D	10 20	11.184 11.245		6.147 6.16		0.49 0.51	1.22 1.34
		30	11.33		6.166		0.56	1.49
		50 0.76 70	11.306 11.275	0.88	4.00 6.198 6.236		0.57 0.59	1.48 1.45
		130	11.258		6.279		0.59	1.39
	17 D	190	11.183		6.321		0.63	1.26
		910	11.006		6.376		0.54	0.9
		0.89		0.78	4.00		
	0.83			4.00		
	ppm (t1)	10.0			5.0			0.0
								Inte
								10H
	0	9.731	--		0.54	--	7.98 1.98	1.95 1.99
	2	10.803	6.209		0.45	0.64	7.99 2.00	1.95 2.02
	4	10.821	6.226		0.48	0.72	7.98 2.00	1.94 1.97
	4	10.791	6.205		0.51	0.76	7.96 1.98	1.94 1.98
	4	10.786	6.201		0.51	0.77	7.93 1.99	1.96 2.00
	4	10.812	6.224		0.57	0.8	7.99 2.00	1.94 2.00
	8	10.929	6.252		0.57	0.92	7.90 1.97	1.95 2.01
	8	10.896	6.231		0.56	0.94	7.92 1.97	1.96 2.00
	12	10.885	6.245		0.55	0.96	7.99 1.97	1.97 2.00
	15.5	10.89	6.31		0.63	0.91	8.01 1.99	1.95 2.00
	15.5	10.889	6.313		0.60	0.97	7.92 1.98	1.96 2.01
	15.5	10.939	6.37		0.66	1.01	7.91 1.97	1.96 2.00
	15.5	10.905	6.349		0.67	1.01	7.94 1.96	1.95 2.00
	15.5	10.925	6.388		0.64	1.03	7.92 1.96	1.95 2.01
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b. Discussion

The formation of G-quartet based on compounds which consist of a guanine (guanosine) residue and another relatively large  conjugated moiety is attractive, but generally studies focused on the molecular arrangement and no obvious evidence for the formation of hierarchical supramolecular polymer was shown. 100,188,196 In this work, we designed a potassium templated self-assembly of triarylamine-guanine conjugates, with the goals to produce bundles of well-ordered triarylamine nanofibers as well as to understand the interactions that govern the different aggregations of TAMG and TAMG-K-quartet. TAMG self-association without potassium salt is observed by 1 H NMR, TEM microscopy and X-ray scattering. Without light irradiation, TAMG self-associates in a hexagonal columnar phase, displaying as a long-range order and short-range disorder in chloroform solution. However, when the TAMG was irradiated with white light, no significant well-ordered phase could be detected by X-ray scattering experiments, which suggested that the guanine self-association has to be transferred or broken in order to allow the stacking of the triarylamine units.

When TAMG was complexed with potassium salts, G-quartet formation was confirmed by 1 H NMR, and X-ray experiments demonstrated that they further associate as square lattice.

After irradiation with white light, dramatic difference were recorded by UV-vis-NIR spectroscopy, which showed a much lower quantity of radical cations. Since the generation of triarylamine radicals requires a flattening of the triarylamine geometry, and as these radicals are only stable within the triarylamine fibrils, it becomes more difficult for the TAMG-K + complex with a rigid arrangement to produce the same quantity of radicals as TAMG.

However, according to our previous work, only a very little amount of radicals are necessary for the self-assembly of triarylamines and the TAMG-K + complex is supposed to be self-assembled thanks to the alignment of the triarylamine core as rationally supported by the structural transition after irradiation. X-ray scattering experiments denote the formation of a hexagonal columnar phase with a different lattice parameter, which might due to the flattening of the triarylamine core at the four edges of the complex thus enlarging the periodical distance.

Besides, the diffraction peak assigned to - stacking increased in intensity without shifting, brine (100 mL), dried over Na 2 SO 4 and concentrated under reduced pressure to provide compound 2 (402 mg, 1.40 mmol) as a dark green solid which was clean enough to be used as such in the next step. 

N-(4-{bis[4-(6-bromohexanamido)phenyl]amino}phenyl)-6-bromohexanamide (3)

3

A solution of compound 2 (406.5 mg, 1.40 mmol) and triethylamine (0.19 mL, 7.00 mmol) in dichloromethane (30.0 mL) was added dropwise to a solution of 6-bromohexanoyl chloride (0.65 mL, 4.20 mmol) in dichloromethane (10.0 mL) cooled down to 0 °C under an argon atmosphere. The reaction mixture was heated up slowly to room temperature overnight. The resulting precipitate was then filtered and washed by dichloromethane (3 * 50 mL). After drying under vacuum, compound 3 (586.5 mg, 51 %) was obtained as a white solid, pure enough for the next reaction.

1 H NMR (d 6 -DMSO, 400 MHz, 25 °C): δ = 9.81 (s, 3H), 7.49 (d, J = 8.9 Hz, 6H), 6.89 (d, J = 8.9 Hz, 6H), 3.54 (t, J = 6.7 Hz, 6H), 2.29 (t, J = 7.3 Hz, 6H), 1.81 (tt, J = 7.2, 7.2 Hz, 6H), 1.59 (tt, J = 7.5, 7.5 Hz, 6H), 1.46-1.39 (m, 6H). 

16

A solution of compound 15 (11.0 mg, 0.016 mmol) and octyl isocyanate (5.71 µL, 0.032 mmol) in dry pyridine (0.5 mL) was heated to 90.0 °C and stirred overnight. After that time, the solvent was evaporated under reduced pressure and the residue was purified by column chromatography (SiO 2 , ethyl acetate → ethyl acetate/methanol: 10/1) to afford compound 16

(5.00 mg, 37 %) as a white solid.